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ABSTRACT OF DISSERTATION

DESIGN AND SYNTHESIS OF FUNCTIONAL
ORGANIC MATERIALS
Control of solid state ordering in conjugated small molecules is paramount to
the continued development and implementation of organic materials in electronic
devices. However, there exists no reliable method on which to predictively determine
how a change to the molecular structure will impact the solid-state packing. As such,
the molecule must be synthesized before its solid-state packing can be definitively
evaluated. However, once the packing structure of a material is known there exist both
qualitative structure- function relationships derived from the literature, as well
as quantitative computational methods that can be employed to suggest if a material
will perform well in a given device. This type of bottom-up strategy is used in Chapter
2 to design and synthesize a high performance material for organic field effect
transistors. A core molecule is synthesized, and through rigorous optimization of
pendant and solubilizing groups a material with exceptional solid-state packing is
developed and its performance in an organic field effect transistor is discussed.
Chapter 3 discusses the use of conjugated organic molecules in conjunction
with inorganic materials to develop hybrid organic/inorganic materials. A scalable
synthesis is developed so derivatives can be rapidly synthesized and their properties
evaluated. Two classes of materials are developed and synthesized: tetracene-based
ligands for quantum dots and diammonium-substituted anthracene and tetracene
derivatives for 2D-perovskites. Initial results for both classes of materials are
presented. Chapter 4 discusses the topochemical photopolymerization of heptacene
[4+4] dimers. Multiple derivatives were synthesized in order to give the ideal
alignment of molecules in the crystal, followed by irradiation of crystals to give
crystal templated polymerization. In Chapter 5, triarylmethane derivatives are
synthesized and their performance as radiochromic sensors is evaluated. Chapter 6
involves the development of a robust synthetic scheme toward a difficult to attain πextended regioisomer of pyrene. Photophysical characterization reveals that the
direction of π-extension from the pyrene core has a profound effect on electron
delocalization.
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Chapter 1: Introduction
1.1 – Preface:
Organic semiconductors - organic molecules that are capable of transporting
charge in the presence of an electric field - offer the promise of tailor-made materials for
a specific application, via organic synthesis, as well as the possibility of inexpensive
device manufacture, via solution processing. While the former two virtues of organic
semiconductors have been extolled countless times, the initial promises in organic
semiconductors have still yet to be fully realized. Organic semiconductors have found
broad commercial use as light-emitting diodes (OLEDs) and proof-of-concept use in a
variety of other electronic devices, like transistors and solar-cells, though the latter two
applications have not demonstrated high enough efficiencies for wide spread use, though
companies such as Flexterra have been working to commercialize these technologies.
The use of organic semiconductors in organic field effect transistors (OFETs) has
been intensely studied over the last few decades due to a multitude of attractive properties
possessed by the molecules, such as low temperature solution or vapor phase deposition,
compatibility with various (flexible) substrates, and the possibility of structural
modification through organic synthesis, which could allow for precise tailoring of a
materials properties.[1] The prime figure of merit for OFETs is the charge carrier
mobility, µ, which is indicative of the rate at which a charge carrier, either electron or
hole, can move through a material under the influence of an electric field. Mobility, and
OFETs in general, will be discussed in more detail later; however the mobility in OFETs
has seen a drastic increase from the early 2000s, when a mobility on the order 0.1 cm2 V1 -1

s

was considered exceptional[2], to the present, where devices exhibiting mobilities

greater than 10 cm2 V-1s-1 have been demonstrated.[3] This multi-order of magnitude
increase is due to a cooperative effort between synthetic organic chemists, who are
providing better materials at higher purity, device engineers, who rigorously optimize
device parameters, and physicists, who have elucidated charge transport mechanisms[4].
However, rational design of new materials is still an inexact science, and while
frontier energy levels can be readily tuned and solubility can be enhanced, these changes
generally have a drastic impact on the solid state ordering of a material, which usually
leads to a detrimental effect on the material’s ability to transport charge. Indeed, robust
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and widely applicable structure-function relationships pertaining to the types of
modifications that could readily and predictively influence a molecule’s solid state
ordering are elusive. As the solid state ordering is the definitive property influencing
charge transport in OSCs, the inability to predictively tune this property represents a large
knowledge gap in rational design of next generation OSCs.
1.2 – Charge Transport through an Organic Solid:
Unlike inorganic semiconductors such as silicon and germanium, where the atoms
are bound together by covalent bonds, organic molecules in a solid interact via
considerably weaker Van der Walls forces. The strong covalent bonds in silicon and
germanium allow for electron delocalization throughout the bulk of the solid from which
arises distinct bands, which allow for high mobility charge transport. As such, the bandlike transport observed in inorganic semiconductors is generally not observed in organic
semiconductors at room temperature. Instead, charge transport through an organic solid is
dominated by thermally activated hops from one molecule to another. This effect is
demonstrated by the observation that mobility in organic semiconductors increases as a
function of temperature, whereas band like transport decreases as a function of
temperature.[5]

Figure 1.1: Electronic coupling as a function of
distance between the planes of two molecules: The
coupling, t (analogous to Vif), can be seen to
increase as the d-spacing is reduced. (Reproduced
with permission from reference 5, copyright 2018
American Chemical Society)
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Figure 1.2: Electronic coupling as a function of the
long axis displacement between of two molecules:
The coupling, t (analogous to Vif), can be seen to
fluctuate as the orbital phase relationship changes.
(Reproduced with permission from reference 5,
copyright 2018 American Chemical Society)

Charge transport in an OSC, on a fundamental level, arises from delocalized
electrons in a π-system and the interaction of these delocalized π-electrons with an
adjacent molecule’s delocalized π-system, which can occur between either a face to face
and/or an edge to face relationship between two molecules. This interaction is termed “πstacking”, the degree of which is determined by the distance between two molecules and
by the phase relationship between these frontier orbitals. This electronic coupling
between molecules is denoted as Vif and can be calculated by a combination of the crystal
structure of a given organic semiconductor and its frontier orbitals.[5] The π-stacking, and
therefore Vif, is exceptionally sensitive to small changes in solid state ordering, and as
such, small changes in solid state ordering can have a drastic effect on the electronic
coupling.

[5]

Figures 1.1 and 1.2 show the computed transfer integral between dimers of

tetracene. This elegantly demonstrates how the magnitude of Vif evolves both as a
function of distance between molecules, Figure 1.1, as well as a function of orbital phase
overlap, Figure 1.2. As mentioned previously, a robust method to predictively tune the
crystal structure is elusive and virtually the only way to gain any sort of reliable solidstate data on a molecule is to synthesize and crystallize it.
The hopping mechanism of charge transport merits a more thorough discussion.
Hopping can be illustrated by successive electron transfer (ET) reactions between an
oxidized/reduced molecule to a neutral molecule. The rate of these ET reactions are
described by Marcus theory.[5]
!!"

2!
=
!
ℏ !"

!

!

!(!! !!)
1
! !!! !"
4!!! !"

!

The preceding equation shows the dependence of the ET rate (kif) on a number of
variables that can be related to the physical properties of a molecule. Vif is the electronic
coupling between molecules, which as described prior, results from the solid state
ordering. ΔG0 refers to the difference in Gibbs free energy during the reaction, which is 0
for an ET reaction between identical molecules. λ is referred to as the reorganization
energy and is related to the differences in ground state geometry between an ionized and
neutral species.[5] While the function is complicated, it is simple to deduce that λ must be
minimized and Vif must be maximized for a high rate of ET.
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1.3 – Device Structure and Operation of Organic Field Effect Transistors:
OFETs are the cousin of the metal-oxide-semiconductor field-effect transistor
(MOSFET) on which the vast majority of modern electronic circuitry is built. While
similar in device design and operation OFETs are unlikely to ever compete with
MOSFETs on sheer performance alone, and OFETs are much more likely to occupy more
niche uses where properties unique to organic semiconductors, such as low temperature
solution processability and substrate tolerance offset the relatively low performance of
OFETs.[1]
At its core, a transistor is an electronic switch, where varying a voltage turns the
switch off or on. While multiple device architectures that involve organic semiconductors
are known, two will be discussed here, the bottom gate/bottom contact (BGBC), and the
top gate bottom contact (TGBC) thin-film transistors (TFT); schematics of both are
illustrated in Figure 3. In general, a TFT consists of three electrodes: the source, the
drain, and the gate, a dielectric, and an organic semiconductor, and the differences
between the architectures arise from the relative placement of the components.

S

OSC

Gate

D

Dielectric

Dielectric

Gate

S

Substrate

OSC

D

Substrate

Figure 1.3: BGBC geometry (left) and TGBC geometry (right). S, D,
OSC are source, drain, and organic semiconductor, respectively.

In a BGBC TFT the OSC is deposited onto a substrate that already contains the
source, drain, dielectric, and gate. As substrates containing these components can be
purchased prefabricated, this allows for rapid screening of new materials as the OSC can
be deposited, then the devices can be measured.[6]
A TGBC TFT has the dielectric layer deposited on top of the organic layer, and
then the gate is deposited after that. While more complex to fabricate, this architecture
has a few advantages: the dielectric can be modified to enhance charge injection, and the
dielectric acts as an encapsulation layer for the OSC, increasing its stability to ambient
conditions.[6]
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When no voltage is applied between the gate and source electrodes there is no
current flowing through the device and it is considered to be in its “off” state. When
voltage is applied between the source and the drain electrodes (VSD) charge carriers (as
either electrons or holes) are introduced into the semiconductor via the semiconductordielectric interface and current can begin to flow between the source and drain (ISD). The
relationship between ISD and OFET operation is given in the following equations[1]
!
!!" – !! – !!"
!!!
!!"
!
2
!
!!",!"# =
!!! (!!" – !! )!
2!

!!",!"# =

ISD,lin refers to the linear regime where VSD is small relative to VSG and ISD obeys Ohm’s
law. ISD,sat refers to the saturated regime where VSG is greater than VSD and the current
reaches a constant value irrespective of increasing VSD.
These equations introduce a number of variables that warrant a more complete
explanation:
•

W is the channel width

•

L is the channel length

•

Ci is the capacitance per unit area of the gate dielectric

•

VSD is the voltage between source and drain

•

VSG is the source gate voltage

•

VT is the threshold voltage; the applied gate voltage which allows for charge
transport

•

µ is the field effect carrier mobility of the semiconductor

Clearly not all of the variables can be related directly to the molecular structure of the
semiconducting material. W and L are related to the device design and Ci is a property
specific to the dielectric.[1] While these are certainly important parameters to optimize,
they do not readily factor into a discussion of the chemistry of the OSC, nor into the
rational design of new active materials.
Threshold voltage (VT) and µ however do derive their values from the
semiconductor material, as well as from device engineering. VT is a value that needs to be
brought closer to zero, so the voltage required, and therefore the energy required, to turn
the transistor on is minimal. VT is primarily related to the number of traps that exist in the
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material after being deposited. These traps can be due to a number of sources, impurities
in the materials, interface issues with either the dielectric or contacts, or poor film
formation. These traps must be filled before proper device operation can ensue, and as
such a high VT could be indicative of any of the aforementioned problems.[7] These
problems may be remedied via surface treatments of the metal contacts or dielectrics[8] or
by changing the OSC deposition conditions (thereby modifying the film forming
properties), however this is not always possible, and the high VT can be inherent to
material itself, and as such synthetic modification of the molecule is necessary to improve
the threshold voltage.
The field effect mobility, µ, derives its value from, or perhaps its value is limited
by, the solid-state ordering and structure of the molecule, as the solid-state structure is the
property that determines the electronic coupling. Through a variety of X-ray diffraction
techniques, a molecular picture of the OSC as it pertains to its solid-state ordering on the
device can be obtained. For small molecules, single crystal analysis combined with
computational chemistry can elucidate the degree of electronic coupling between
neighboring molecules in the crystal. However, when cast as a thin film this single crystal
structure may not be predictive of the solid state ordering in the film[3], and as such other
diffraction techniques such as grazing incident x-ray diffraction (GIXD) can be employed
to get a picture of the thin film structure. Crystallinity of the material in a film as well as
the presence of grain-boundaries[9] and polymorphs induced by the substrate[10] can all
have significant effects on the obtained field effect mobility. Notably, the manipulation of
alkyl groups[2], atom substitutions[11], and the number and regioisomers of fused rings[12]
on the core molecule can have a profound effect on the crystal structure and film forming
properties of an OSC, and by extension on the mobility.
OFET operation is characterized by two types of graphs, the output curve and the
transfer curve, each of which contains information about the device operation, and from
which some of the performance characteristics can be extracted. Examples of these can
be seen in Figure 1.4. Evaluation of the transfer curve also yields information about two
other parameters that are important for device performance, the On/Off current ratio
(Ion/Ioff), and the subthreshold swing (STS). The current of the device in the off state
needs to be sufficiently low, and the on current significantly higher that the two states are
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Figure 1.4: Representative output (left) and transfer (right) curves with the relevant parameters
labeled. (left: reprinted reference 16 with permission from AIP publishing.)

differentiable, therefor an On/Off ratio as large as possible is desired. The STS, given in
units V/decade, represents how quickly the device can be switched from its off state to its
on state, and ideally this value is minimized. The theoretical minimum for the STS at 300
K is 60 mV/decade.[6]
1.4 – High-performance materials for p-type solution processable OFETs:
Si

Si

S

S
F

F
S

H 3C(H 2C)7

(CH 2)7CH3
S

Si

Si

TiPS-Pn

F-TES-ADT

C8-BTBT

Figure 1.5: Structure of TiPS-Pn, F-TES ADT, and C8-BTBT

The literature on OSCs for use in OFETs is vast and deep, comprising
polymers[13], small molecules for vacuum processing, small molecules for solution
processing, molecules that exhibit electron transport[14], molecules that exhibit hole
transport, and molecules that exhibit both (termed ambipolar)[15]. As such, this discussion
will be limited to a discussion of the design and performance of hole-transporting small
molecules for solution processing, and, more specifically, to the three molecules that are
the preeminent materials for OFETs: Anthony’s 6,13(bis(triisopropyl-silylethynyl)
pentacene (TiPS-Pn), Anthony’s 5,11-(bis(triethylsilylethynyl-2,8-diflouroanthradithio-
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phene (F-TES-ADT) and Takiyama’s 2,7-dioctylbenzo-thienobenzothiophene (C8-BTBT)
(Figure 1.5).
A

B

Figure 1. : A) Edge on view of the crystal packing of TIPS-Pn, illustrating the “2D-brickwork”
packing motif. B) Crystal packing of C8-BTBT: The central molecule (black) is electronically
coupled to its six nearest neighbors. Hydrogens and alkyl groups removed for clarity (Structure
obtained from CCDC database (CCDC number 679293).

TiPS-Pn was first synthesized in 2001 by Anthony[16]. In the solid state, TiPS-Pn
exhibits what is termed a 2D brickwork π-stack. This type of π-stacking can be illustrated
in multiple ways. Figure 1. A shows an edge on view of the TiPS-Pn crystal structure,
where the “brick-work” type packing motif derives its name. Similarly, The 2D nature of
the charge transport can be illustrated by Figure 1. , where the geometric overlap of the
backbones can be observed by viewing the crystal structure down the a or b axis. The
arrows represent the possible charge transport pathways. TiPS-Pn gave an initial p-type
mobility of 0.4 cm2 V-1s-1[2] but eventually, after much process optimization and device
engineering, yielded a maximum mobility of 11 cm2 V-1s-1[3].
F-TES-ADT, also synthesized by Anthony’s group, packs in the 2D brick-work
motif like TiPS-Pn but exhibits a higher stability[17]. F-TES-ADT gave an initial average
mobility of 0.7±0.15 cm2 V-1s-1[17] then after device and process engineering eventually
gave a mobility of 3 cm2 V-1s-1[18] via a vibration assisted crystallization, and a mobility
of 5 cm2 V-1s-1 via blending with a polymer[19].
C8-BTBT, initially synthesized by Takiyama[20], crystallizes in a herringbone
fashion, which is shown schematically in Figure 1. B. The central molecule is
electronically coupled to its six nearest neighbors. An initial maximum mobility of 1.8
cm2 V-1s-1[20] was obtained and then, through the use of a novel ink-jet printing device
fabrication technique, yielded a maximum mobility of 31.3 cm2 V-1s-1[21].
The common theme in each of these systems is that they all had strong
intermolecular interaction and a layered (lamellar) 2-D crystal packing. The devices were
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then rigorously optimized over many years, eventually giving exceptionally high
mobilities. As such, in the design and synthesis of novel molecules it is paramount that
they possess strong 2D electronic coupling.

Figure 1. : A 3x3 unit cell of TiPS-Pn looking down the b axis (left) and the a axis
(right), illustrating how the molecules overlap in the solid state. Arrows show
possible charge transport pathways.

1.5 – Tuning the Solid-State Ordering:
“Close contacts” in an organic crystal structure are generally defined as less than
the sum of the Van der Waals radius of the two atoms involved, therefore a close contact
between carbon atoms would be 3.4 Å or closer. For the close contact to be relevant to
charge transport, the atoms also must each contain some amount of frontier orbital
density and that orbital density must be in the correct phase[14], as such the only close
contacts that are relevant are those that involve atoms in the π-system of a molecule.
By obtaining the crystal structure of an organic semiconductor the close contacts
can be calculated and by combining that with computed molecular orbitals the transfer
integral, Vif, between molecules can be obtained. While organic molecules can form any
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number crystal structures, obviously for the molecule to be useful for charge transport it
must contain multiple close contacts that also yield large transfer integrals.
In an ideal situation, once a molecule was synthesized slight synthetic
modifications of the molecule would produce predictable shifts in the solid state ordering
that would allow for small modifications in the way the molecules overlap in the crystal,
thereby enhancing the electronic coupling; however, this level of control of the solid-state
ordering in currently unattainable. One of the few reasonable methods for solid state
control is that observed by Anthony, where the ratio between the tri(alkyl)silyl group is
modified relative to the length of the chromophore. In this manner the molecule can be
forced to adopt a 2D π-stack. This example is demonstrated nicely in the case of TES-Pn
vs. TiPS-Pn. Even though the steric bulk of the tri(alkyl)silyl groups is similar, TiPS-Pn
adopts the aforementioned 2D π-stack, where as TES-Pn adopts a 1D π-stack.[2]
Due to the lack of reliable crystal engineering processes, the only true
requirements for the theoretical design of a new solution processable OSC chromophore
is that it be highly soluble, have frontier orbital density distributed throughout the entire
conjugated part of the molecule, and that access to π-faces and edges be uninhibited.
Diffuse orbital density allows for the possibility of π-overlap between adjacent
molecules, which can then be exploited to transport charge. The crystal structure can
theoretically be tuned by modification of steric bulk or by other synthetic modifications
but this is done in a rather Edisonian manner.
1.6 – Singlet Fission:
Singlet fission, simply defined, is an exciton multiplication process where a
singlet exciton is turned into two triplet excitons, via an entangled triplet pair state,
generally stated in the equation
! + !! → !! → !! + !!
where an excited singlet state on one molecule, S, and a ground state singlet S0, interact
with each other to form an entangled TT state, which has an over all singlet spin.[22] This
TT state then breaks apart into two triplets via thermal activation. It is important to note
that singlet fission only produces two bound triplet excitons, and not two free charges.
However, if these two triplet excitons could be dissociated, the over all affect would be

10

the generation of two charges for each photon absorbed. This process holds great promise
for photovoltaics applications, allowing the circumvention of the Shockley-Queisser limit
and increasing the theoretical efficiency of a single junction solar cell from 33% to
41%.[23]
Radiative

S2

S1

Non-Radiative
Singlet Fission

T2

T2

T1

T1

S0

S2

S1

S0

Figure 1. : A modified Jablonski diagram including singlet fission showing
all of the radiative and non-radiative decay pathways for a singlet exciton.

Molecular design for singlet fission is a challenge, as a number of constraints
must be met. First, the triplet energy must be close to half the singlet energy for efficient
and rapid singlet fission to occur. If the T1 state is too high in energy, then singlet fission
cannot occur, or occurs slowly. When singlet fission does occur, where S1<2(T1), it is
termed endoergic singlet fission. If the T1 state is too low in energy, and S1>2(T1), even if
rapid singlet fission occurs, the lost energy can not be used to do any useful work, this is
termed exoergic singlet fission.[24] In any case, singlet fission is an exceptionally fast
process, occurring on a sub-picosecond time scale after excitation, but like any other
photophysical process SF must compete with other decay processes, which are shown in
Figure 1. . Furthermore, for singlet fission to occur specific, and not well understood,
interactions between adjacent molecules must be achieved.[25]
Tetracene, pentacene, and their derivitives, exhibit efficient singlet fission, with
tetracene being an example of an endergonic SF process, and pentacene being
exergonic.[22] Efficient harvesting of these triplet excitons continues to be one of the great
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challenges in the field, along with the production of triplets via SF that have an energy
compatible with Si based PVs.[22]
1.7 – Hybrid Organic/Inorganic Materials:
Hybrid materials between traditional inorganic materials and organic materials is
an old field that has been recently reenergized by Snaith’s demonstration of impressive
photovoltaic properties from methyl ammonium lead halide perovskites (MAPbX) in
2012[26], though the first reported synthesis of these materials was in 1978.[27]
MAPbX perovskites represent an example of 3D hybrid organic/inorganic
perovskites (HOIPs). Whereby, the A site (in the traditional ABX3 stoichiometry of
perovskites) is occupied by the small methyl ammonium cation, and the B and X sites are
represented by Pb (II) and a halide, respectively. These are termed 3D perovskites
because the PbX octahedra are connected in all three dimensions. However, if the organic
cation is larger, or is dicationic, a reduced dimensionality perovskite can be obtained,
Figure X shows illustrations of a 3D perovskite and a 2D perovskite.[28]
A

B

Figure 1. : A) Schematic of a 3D MAPbX perovskite. B) Schematic of a Ruddlesden – Popper, 2Dlayered perovskite.

These 2D layered structures, also known as Ruddlesden – Popper perovskites,
demonstrate a host of interesting properties, like semiconductivity, broad and narrow
band photoluminescence, which are guided by the interplay between the organic and the
inorganic layer.[28] Generally, the inorganic layer determines the electronic structure of
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the material, while an alkyl ammonium group acts as a templating group, though there
have been a few reports of conjugated organic layers[29], which can play a role in the
optoelectronic properties.[30] Indeed, by altering the stoichiometry of different organic
cations, mixed 2D and 3D HOIPs can be realized that exhibit still different properties
from their true 2D and 3D counterparts. These materials are assigned an “n” value, where
n corresponds to the number of 3D layers between 2D layers. As before, these materials
have been investigated since at least 1994[31], but are finding a resurgence as they
demonstrate efficient photovoltaic properties and increased stability over their true 3D, or
n = ∞, counter parts.[32]

Figure 1. : Illustration of mixed 2D/3D HOIPs, where n refers to the number
of 3D layers.

The size of the organic cation that is used is important, and much like solid state
packing in organic crystals, it can be difficult to predict whether or not a 2D perovskite
phase will be obtained. While there are guidelines for what should be able to “fit” and
therefore make a layered perovskite structure[33], these can fall apart as the interaction
between organic layers also can play a role, leading to reduced dimensionality.[34]
The HOIPs are only one example of how functional organic materials can be
incorporated into traditionally inorganic structures. While generally not thought of as
such, quantum dots (QDs) are formally hybrid organic/inorganic materials. QDs are
formally nanometer-sized particles of inorganic materials, whose properties are
determined by elemental composition, particle size, and surface chemistry. The organic-
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ligands on the surface are integral to the function of the QD, working to solubilize,
disperse, and passivate the QD.[35] The “native” surface ligands are generally surfactants,
like alkyl carboxylates or phosphonates, that are used during the synthesis of the QDs.[35]
By replacing these aliphatic ligands with ligands that have orbital energies that
can interact with the QD, the ligand can participate in the optoelectronic properties.[35]
Exciton transfer, for instance, has been observed in both directions, from excited QD to
organic ligand[36] or from excited organic ligand to QD[37], possibly allowing for the
exploitation of processes unique to organic molecules, like singlet fission.
1.8 – Conclusions:
While certainly an exceptional amount of progress has been made in the field of
small molecule OSCs most of the progress has been attained by the optimization of
device processing and engineering. Whether or not further device engineering can
produce sustained improvement in the mobility of OFETs remains to be seen, and as such
it is paramount that new molecules with inherently better properties are synthesized. The
lack of robust structure-function relationships between the structure of the molecule and
the solid-state packing makes the design of new molecules challenging and imprecise.
Only through the synthesis of derivatives of useful molecules can these structure-function
relationships begin to reveal themselves.
New avenues for the uses for organic small molecules semiconductors are being
developed as well especially in regards singlet fission. Integration of these functional
organic molecules with traditionally inorganic materials allows for the exploitation of
properties specific to organic molecules with the promise of high performance
optoelectronic devices and represents a promising and rapidly growing avenue for future
research. Progress in these emerging applications will require new structure-function
relationships to be created and iterations of molecules to be designed and synthesized in
order to fully realize the potential of these hybrid materials.
This dissertation will discuss a variety of different materials and different
applications, all broadly focused on how the structure of an organic molecule affects its
function in the application. Chapter 2 will discuss the development and synthesis of a
universal crystal-engineering core, which has been applied to construct a high
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performance hole transporting OFET. Chapter 3 involves the synthesis of radiochromic
sensor based on triarylmethane dyes. Chapter 4 discusses crystal engineering of a
heptacene [4+4] “butterfly” photodimer and its crystal-templated topochemical
photopolymerization. Chapter 5 covers the synthesis of tetracene derivitives for use as
QD ligands, and initial results demonstrating photon multiplication via ligand based
singlet fission, along with the initial synthesis of diammonium tetracene and anthracene
derivatives for acene containing 2D HOIPs. Chapter 6 covers the initial synthetic efforts
into a challenging π-extended pyrene regioisomer and some initial photophysical results
that demonstrate different degrees of conjugation as a function of regioisomeric πextension. While the scope of this dissertation is broad, it reflects the expanding number
of applications in which organic materials can find use.
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Chapter 2: Development of a Universal Crystal Engineering Core
2.1 – Introduction:
Solution processed small molecule organic field effect transistors have been under
investigation for going on 20 years. Due to improvements in device fabrication,
molecules that have existed for a long time have seen their performance increase by many
orders of magnitude[1],[2], however, these materials have still not exhibited performance
reliable enough for integration in commercial devices.[3] That being said, a few simple
design rules can be intuited from the literature and the large amount of materials that
have been used. First, the molecule must have significant solubility in some solvent for
processing. Secondly it must exhibit strong 2D geometric packing and electronic
coupling, as explained in the introduction, and finally a molecule that is inherently stable
against degradation is also crucial. Due to advances in device engineering, a molecule
that exhibits inherently good properties can likely lead to high performance devices with
enough optimization.
With these conditions in mind, a molecule that has a large amount of π-surface
can be envisioned where small changes to the functionality around the core manipulate
the packing. However, commonly used chromophores, like the acene series, are unlikely
to be stable enough to give the amount of π-surface intended, as the acene stability
decreases with the number of fused rings and the substitution necessary to stabilize the
higher acenes could limit their ability to transport charge.[4] Fused thienoacenes like
BTBT, while extremely efficient semiconductors in their own right, exhibit a precipitous
drop in solubility as their π-surface is extended, which does not allow for solution
processed devices.[5]

Figure 2.1: Schematic diagram of universal crystal engineering core
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As such, a core-pendant type structure is proposed (Figure 2.1), where an
aromatic core molecule containing a solubilizing group that can be used as a crystal
engineering handle is flanked by aromatic pendants. If the molecule can be constructed
such that the pendants lie in plane with the core and the HOMO density is diffuse about
the entire backbone, a stable, oligomeric type molecule can be constructed and used as an
active material in OFETs. A 2D brickwork type π-stacking can hopefully be achieved by
crystal engineering by modifying the alkyl chains or other handles.
2.2 – Synthesis of Core Molecule
Design of the core molecule is relatively straight-forward, it both needs to have a
simple and scalable synthesis, and have the ability for orthogonal attachment of groups.
A quinone, which contains halogen handles is ideal, as the solubilizing group can be
added simply to the quinone followed by deoxygenation to yield the aromatic core, then
simple Pd catalyzed cross-coupling can attach the pendants. A highly scalable synthesis
was developed towards 2, which starts from the well-known 4,8-benzodithiophene
quinone (BDTq), followed by the addition of TMS groups, then iododesilylation to yield
the diioidide, 2, in high yields on large scales, after a simple filtration.

BDTq

1

2

2

3

Figure 2.2: Synthesis of universal crystal engineering core, 2, and nODiPS derivative 3.

Trialkylsilylethyne (TAS) functionalization is a useful method to increase
stability and solubility and manipulate the crystal packing of aromatic molecules.[6] Due
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to its use on a range of chromophores, and generally operationally simple synthesis,[7] we
apply it here as our solubilizing and primary crystal engineering handle.
2.3 – Synthesis and Screening of Pendant Groups
For the initial screening of pendants the n-octyldiisopropyl silyl (nOdiPS)
acetylene was chosen, as it has the ability to solubilize large chromophores.[8] Addition of
the lithiated alkyne followed by deoxygenation with SnCl2 in 10% HCl gave 3. A Stille
coupling was employed between core molecule 3 and the stannyl-substituted pendant.
The syntheses of the stannyl pendant groups is shown in Figure 2.3.
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Figure 2.3: Synthesis of trimethylstannyl pendants. A) Benzothiophene. B) Phenantherene. C)
Azulene. D) Benzodithiophene. E) Tetrathiofulvalene
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Stille coupling afforded all the core-pendant structures in moderate yields and the
molecules were all obtained as soluble stable crystalline solids. Assessment of the crystal
structures of the compounds showed that, in all cases, an overall planar structure was
obtained. While all of the molecules did exhibit some degree of π stacking, the
benzothiophene (3a), benzodithiophene (3b), azulene (3e), and phenanthrene (3c)
pendants exhibited 1D slip stacks, the tetrathiofulvalene pendant (3d) packed in a
chevron pattern similar to that seen in the orthorhombic polymorph of rubrene.[9]
Si (CH2)7CH3

S
I

I
S

Si (CH2)7CH3
Ar-SnMe3
Pd2dba3/AsPh3
Toluene, 90° C

S
Ar

Ar
S

2
H3C(H2C)7 Si

3a

3

3a Ar = benzothiophene; 55%
3b Ar = benzodithiophene; 68%
3c Ar = phenatherene; 64%
3d Ar = tetrathiofulvalene; 52%
3e Ar = azulene; 41%

H3C(H2C)7 Si

3b

3d

3c

3e

Figure 2.4: Synthesis of core-pendant structures and the thermal ellipsoid plots of the
products (hydrogens omitted for clarity).

The pendant group determined the photophysical properties of the molecules.
Weak chromophores like benzodithiophene, benzothiophene, and phenanthrene exhibit
very similar spectra, whereas the azulene substituent causes a substantial red-shift in
absorption. The tetrathiofulvalene derivative gives a profoundly red-shifted and relatively
featureless absorption indicative of a charge transfer between the tetrathiofulvalene
pendant and the core (Figure 2.5).
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Figure 2.5: Normalized UV/Vis absorption of
core-pendant structures 3a-e in toluene.
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Figure 2.6: Relative photostability of 3b (yellow)
and TIPS-Pn (blue) in toluene, as tracked by the
change in absorbance after irradiation at 459 nm for
3b and TIPS Pentacene at 644 nm.

The frontier orbitals were calculated to assess the degree to which the HOMO
density is delocalized about the chromophore, which is shown in Figure 2.7. Depending
on the pendant the HOMO can be extremely localized, such as in 3d, or quite diffuse as
in 3b, and to a lesser degree, 3a. As it was our goal to design a material that demonstrated
efficient hole transport the benzodithiophene pendant, 3b, was selected for further crystal
engineering efforts as it showed the most delocalized HOMO density.

Figure 2.7: HOMO of core –pendant structures 3a-3e. (Cacluated by Qianxiang Ai, Risko Group,
University of Kentucky).

In order to measure the relative stability of 3b the change in absorption spectra of
the molecule and TiPS-Pentacne (TiPS-Pn) were followed after irradiation of the
respective solutions with intense light. The pentacene decayed with a half-life of less than
15 minutes, whereas 3b exhibited no appreciable decomposition after 7 hours under the
same conditions (Figure 2.6).
2.4 – Crystal Engineering and OFET Performance of BDT Trimers:
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As the molecule with the benzodithiophene pendant, 3b, gave the packing closest
to the desired 2D-brickwork arrangement, derivitives were made in an attempt to further
improve this packing. As solubility was a challenge, only TAS groups with relatively
long alkyl chains were used. Tri(isobutyl)silyl (3b-i), tri(n-butyl)silyl (3b-b), tri(npentyl)silyl (3b-p), and tri(n-hexyl)silyl (3b-h) were all synthesized in a similar manner
to 3b, and crystals were grown to assess each derivatives crystal packing. Surprisingly,
all but 3b-p grew crystals that exhibited at least some degree of a 2D π-stack (Figure 2.8).
SiR3
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S
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3b-b R = n-butyl (64%)
3b-p R = pentyl (70%)
3b-h R = hexyl (62%)

SiR3

SiR3

Figure 2.8: Synthesis of benzodithiophene trimers 3b-i, b, p, h.

Devices were fabricated by the Loo Group at Princeton University from 3b, 3b-b
and 3b-h no devices were fabricated from 3b-i as the solubility was insufficient). The
mobility of the devices generally correlated with the computed transfer integrals, with the
strongest of the 2D π-stacks, 3b-h, showing the highest mobility of 3.1 cm2 V-1s-1 (Figure
2.9).
A

B

C

Figure 2.9: Optical micrographs of transistors fabricated from 3b (A), 3b-b (B), and
3b-h (C), their respective maximum mobilities, and representative transfer curves.
Devices were fabricated by Jeni Sorli and Geoffery Purdum (Loo Group, Princeton
University).

While the obtained mobilities are promising, the threshold voltage was quite high
at around -40 V, and the clearly non-linear operations imply significant room for
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improvement. Indeed, the non-linearity observed in the transfer curve makes accurate
extraction of mobility challenging.[10] Further device optimization was undertaken on 3bh both by the Loo Group and Jurchescu Group at Wake Forest and the improvements can
be observed in Figure 2.10.
A

B

C

Figure 2.10: Device optimization on 3b-h. While mobility is lower for B and C, the improved linearity
and threshold voltage indicate superior device performance. A and B were fabricated by Jeni Sorli (Loo
Group, Princeton University). C was fabricated by Prof. Carla Rubinger (Jurchescu Group, Wake
Forest University)

By treating the gold contacts with perfluorobenzenethiol (PFBT), which acts to
lower the work function of the metal, improving the charge injection and lowering the
contact resistance,[11] the threshold voltage and linearity of the transfer curves is
improved, yielding a maximum mobility of 1.52 cm2 V-1s-1 and a threshold voltage of -5
V (B in Figure 2.10). A TGBC architecture with a parylene dielectric also improved the
transfer curves, giving a maximum mobility of 1.63 cm2 V-1s-1 and Vt of approximately 10 V (C in Figure 2.10). The improved linearity and lower threshold voltage indicate
superior device performance of devices B and C relative to A, while still maintaining
charge mobility on the same order.
GIXD confirmed that the single crystal structure matched the structure in the film
and no polymorphs were accessible through thermal or solvent vapor annealing. 3b-h
exhibited the single crystal structure in dropcast films, though minimal changes were
observed between the single crystal cell parameters and those in spin cast films.
In all cases, as can be observed in the cif files, these molecules grow very
disordered crystals, which is not generally conducive to high mobility charge transport.
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Three sources of disorder can be identified from the crystal structure, side-chain disorder,
(where the alkyl chains adopt multiple different conformations in the crystal), the
presence of disordomers,[12] and the presence of syn/anti disorder. Indeed, the disorder in
3b-h is so extensive that it prevented full refinement of the crystal structure, and only
rough packing data could be gleaned form the solved crystal structure.

Figure 2.11: Crystal structures showing the majority syn structure of 3b-i (A), and majority anti
structure of 3b-b (B), along with the percentage syn calculated from the cif file.

The syn/anti disorder is an especially interesting case, as it varies from derivative
to derivative. 3b-b and 3b-p show the vast majority to be anti (96% and >99%
respectively), while 3b-i exhibits a majority syn structure. Though the exact cause is this
has not been determined, its presence could very well have a detrimental effect on device
performance.
2.5 – Synthesis, Analysis, and OFET Performances of Fluorinated BDT Trimer
Derivatives:
In order to try to eliminate syn/anti disorder, fluorines were introduced at the
junction point on the central BDT. A similar 3,7-difluorinated benzodithiophene has been
made by Yu prior[13], and while this synthesis was successful on small scales, it was
challenging to scale up due to difficult chromatographic separations and temperature
control. As such, a new synthesis was developed that would directly yield the 3,7difluoro-4,8-benzodithiophenequinone (F-BDTq) and is shown in Figure 2.12. This
synthesis relied on the cyclization of two fluorinated amides (analogous to the synthesis
of BDTq[14]) to give the final quinone structure after hydrolysis. Oddly, the trimethylsilyl
group was also hydrolyzed during the work-up.
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Figure 2.12: Synthesis of tri(alkyl)silylethynyl-3,7-difluoro benzodithiophene trimers
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5-h

44:56
>99:1
94:6
>99:1
>99:1
>99:1
ND
90:10

Deviation from
Planarity
4°
3°
4°
2°
4°
3°
3°
1°

Figure 2.13: Comparison of anti:syn ratio and planarity between internally
fluorinated (5-i, b, p, h) and non-fluorinated (3b-i, b, p, h). Deviation from planarity
was calculated by measuring the torsion around the single bond connecting the
benzodithiophene units.

After synthesis of the fluorinated quinone core, the TAS groups were added in the
same manner as before, followed by dilithiation with s-BuLi and quenching with iodine
to attach the iodide handles for Pd coupling. This was then coupled with 2trimethylstannybenzodithiophene via a Stille coupling, as before, to give the internally
fluorinated benzodithiophene trimer. Once again all derivitives were obtained as stable,
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crystalline materials, though generally solubility was reduced relative to the nonfluorinated derivitives.
Analysis of the crystal structures of each of the internally fluorinated derivatives
exhibit a general increase in planarity and reduction, though not complete elimination, of
syn/anti disorder (Figure 2.13). While 5-i and 5-h still exhibit a 2D π-stack, the fluorines
caused enough of a shift to cause the 5-b to adopt a 1D π-stack.
1) n-BuLi
2) Me3SiCl

S

Si

THF, -78 °C
92%

S

1) n-buLi
2) NFSI

S

Sn

THF, -78 °C
80%

S

(CH2)5CH3
H3C(H2C)5 Si (CH2)5CH3
F
X
S
I

I
S
X

S
S

F

1) (nBu)2iPrMgLi
2) Me3SnCl

S
F

S

Heptane:THF 3:1
-78 °C
61%

S

Si
S
ICl
DCM, 0° C
52%
S
F

I
S

(CH2)5CH3
H3C(H2C)5 Si (CH2)5CH3
Sn

Pd2dba3, AsPh3
Toluene, 90 °C
X = H, 72%
X = F, 51%

X
S

S

S

F

F
S

S

S

X = H (6-h)
X = F (7-h)

X

H3C(H2C)5 Si (CH2)5CH3
(CH2)5CH3

H3C(H2C)5 Si (CH2)5CH3
(CH2)5CH3

Figure 2.14: Synthesis of 2-fluoro-6-tri(methyl)stannyl benzodithiophene and Stille
coupling to afford edge fluorinated BDT Trimers, 6-h and 7-h.

To investigate further the effect of the location and number of fluorines would
have on the crystal packing, the tetraflourinated and edge fluorinated TnHS derivatives
were synthesized (6-h and 7-h respectively). The synthesis of the 2-flourinated
benzodithiophene pendant turned out to be slightly challenging as direct lithiation of a 2fluorobenzodithiophene led to a mixture of stannyl isomers, due to the ortho metallating
directing effect of the fluorine. As such a new synthesis was employed by first adding a
trimethylsilyl group followed by the fluorination step, then iododesilylation using ICl to
generate the 6-iodo-2-flourobenzodithiophene precursor. Metal halogen exchange of this
with (nBu)2iPrLiMg[15] and quenching with trimethylstannylchloride afforded the 6tri(methyl)stannyl-2-fluorobenzodithiopehene precursor. Stille coupling, with 3h to make
6-h, and with 4-h to make 7-h, was once again undertaken affording the final compounds
as stable crystalline solids.
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Figure 2.15: UV/Vis of the four
of fluorination on the absorption.

deriv tives illustrating the effect

UV/vis absorption spectra of the four TnHS derivatives demonstrates that the
location and number of fluorines has an effect on the photophysical properties, and as a
result on the HOMO/LUMO gap. Figure 2.15, shows the evolution of the optical gap as a
function of fluorine substitution. Edge fluorination in 6-h results in a slight blue shift the
absorption, ~0.01 eV, while the internal fluorination in 5-h causes a ~0.1 eV redshift,
(relative to the unfluorinated derivative, 3b-h). 7-h exhibits a ~0.02 eV blue shift relative
to 5-h.
A

B

C

D
Figure 2.16: Edge on view of the crystal packing of the four
r
. All of
which exhibit prototypical brickwork 2D π-stacking, A) 3b-h, B) 5-h, C) 6-h and D) 7-h
Alkyl chains and hydrogens removed for clarity
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Figure 2.15 shows the edge on view of the crystal packing of all four hexyl
derivatives, all of which exhibit the archetypal 2D brickwork π-stacking motif. However,
the slight difference in the way the molecules overlap has a profound effect on the
transfer integrals. 3b-h exhibits the highest transfer integrals, but its performance may be
limited by the extensive amount of disorder that is present. 6-h shows the next highest,
followed by 4-h. However 7-h, exhibits low transfer integrals, which would imply poor
phase relationship between orbitals on molecules (Figure 2.17).

Name
3b-h
5-h
6-h
7-h

#
1
2
1
2
1
2
1
2

X-Slip (Å)
9.15
17.40
9.45
17.3
9.35
17.89
9.36
17.88

Y-Slip (Å)
1.19
1.63
0.92
1.47
1.21
1.34
1.24
1.18

Z-Slip (Å)
3.48
3.36
3.44
3.53
3.40
3.39
3.36
3.45

Vif (meV)
202
60
154
48
171
56
20
16

Figure 2.17: Calculated slips and transfer integrals for the four hexyl derivatives. X slips are defined
as the purple and red line for 1 and 2, respectively. Y slips are defined as blue and green for 1 and 2,
respectively. Z slips are defined as the distance between molecules in the third dimension. Slips and
transfer integrals were calculated by Qianxiang Ai (Risko Group, University of Kentucky).

Devices fabricated from the 5-h and 6-h show very high mobilities of 12.54 cm2
V-1s-1 and 5.43 cm2 V-1s-1, respectively along with low subthreshold slopes (both around
500 mV/decade). However, as can be observed in the optical micrographs in Figure 2.18,
7-h shows poor film formation and less ideal transfer characteristics, though still decent
mobilities. Not as much device optimization has been undertaken on 6-h and 7-h so this
preliminary data suggests that higher mobilities are possible. The low transfer integrals
on 7-h imply that it may not ever perform as well as the other two fluorinated derivatives.
An interesting result will be to see how the performance of the 6-h evolves with more
device optimization, as the transfer integrals are higher than those of the 5-h.
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It is also interesting to note the syn/anti characteristics of these molecules in their
crystal structures. 5-h shows approximately 10% syn, 6-h exhibits >99% anti, and for 7-h
the majority, 54%, is syn. This demonstrates that internal fluorination does not
necessarily correlate with one isomer being preferred over the other.

Figure 2.18: OFET performance of the three fluorinated
r
, 5-h, 6-h, and 7-h.
Devices were fabricated by Hamna Haneef (Jurchescu Group, Wake Forest University).

2.6 – Conclusions:
The underlying hypothesis of the project, that we can, in a bottom up fashion design a
molecule that exhibits both high intrinsic stability and ideal crystal packing for charge
transport was successful. After synthesis of a core molecule and screening of pendant
groups, the benzodithiophene pendant was selected as it was computationally shown to
give the most diffuse HOMO density. Successive modification of the TAS group and
backbone fluorination produced a series of molecules that exhibit nearly ideal packing
and yield extremely high performance OFETs. Judging by the large calculated transfer
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integrals, it is possible that on-going device optimization may yield even better device
performance than what has already been realized.
2.7 – Experimental:
All solvents were purchased in bulk from VWR. Anhydrous THF was purchased
from Sigma Aldrich. All other chemicals were purchased from commercial sources and
used

as

received

benzodithiophene[16],

unless

otherwise

iodoazulene[17],

noted.

Benzodithiophene

tetrathiofulvalene[18],

quinone[14],

tri(methyl)stannyl

tetrathiofulvalene[19], and (n-octyl)bis(isopropyl)silyl acetylene[20] were synthesized
according to literature procedures. LiMg(n-butyl)2(isopropyl) was prepared according to
the method of Struc and Sosnicki.[21] NMR spectra were measured on a 400 MHz Varian
Unity spectrometer. Chemical shifts of each spectrum are reported in ppm and referenced
to their corresponding deuterated solvents as listed. GC-MS was measured using a Bruker
Scion-SQ GC-MS with an EI source.
BGBC OFETs of 3b, 3b-b, and 3b-h were fabricated by the Loo group at
Princeton using a wedge dropcasting technique.[22] TGBC OFETs of 3b-h using a
parylene dielectric were fabricated by the Jurchescu group at Wake Forest. TGBC
OFETS with a cytop dielectric of 5-h, 6-h, and 7-h were also fabricated by the Jurchescu
group.
O
S
Si

Si
S
O

2,6-bis(trimethylsilyl) benzodithiophene quinone (1): A solution of benzodithiophene
quinone (2 g, 0.009 mol, 1 eq) in anhydrous THF (100 mL) was added trimethylsilyl
chloride (4.4 g, 0.04 mol, 4.5 eq). The solution was cooled to 0° C and LiHMDS (1.0 M
in THF, 20 mL, 0.02 mol, 2.2 eq) dropwise via an addition funnel. The reaction mixture
was stirred for 1 hr, quenched with water and extracted with dichloromethane, dried with
MgSO4, and the solvent was removed on a rotovap. The crystalline yellow solid was
redissolved in dichloromethane and passed through a short plug of silica eluting with
dichloromethane. The solvent was removed on a rotovap affording a bright yellow
crystalline powder (2.4 g, 0.0066 mol, 73%).1HNMR (400 MHz; CDCl3): δ 7.73 (s, 2H),
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0.38 (s, 18H).13C NMR (101 MHz; CDCl3): δ 174.9, 151.7, 149.2, 143.9, 132.9 -0.3. MS
(EI): m/z Calcd for C16H20O2S2Si2 [M]+: 364.04; found 364.1
O
S
I

I
S
O

2,6-diiododbenzodithiophene quinone (2): 1 (2 g, 0.0055 mol, 1 eq) was dissolved in
dichloromethane (50 mL) and cooled to 0° C. ICl (1.0 M in DCM, 16 mL, 0.016 mol, 2.9
eq) was added dropwise and the reaction mixture was stirred overnight. The reaction
mixture was then filtered, affording a highly crystalline orange solid, which was
recrystallized from chloroform (2.22 g, 0.0047 mol, 85%) 1HNMR (400 MHz; CDCl3): δ
7.78 (s, 2H). , 13C NMR (101 MHz; CDCl3): δ 172.0, 143.3, 136.1, 86.2. Anal. Calcd (%)
for C10H2S2I2O2: C, 25.44; H 0.43; found: C, 25.33; H, 0.57.
General Procedure for the alkyne addition: In a flame dried round bottomed flask under
nitrogen, the trialkylsilylacetylene (4 eq) was dissolved in 15 mL heptane and 6 mL
anhydrous THF and cooled to 0° C in an ice bath. To this, n-butyl lithium (2.5 M in
hexanes, 3.6 eq) was added dropwise and stirred for ~20 minutes, followed by the
addition of 2 (1 eq), and was stirred overnight. The following morning the reaction was
quenched with water and extracted into ether, dried with MgSO4, filtered and the solvent
was removed on a rotovap. The yellow oil was purified via a short plug of silica, eluting
first with hexanes, then with 1:1 hexanes:DCM to recover the diol. The diol was then
dissolved in ~1 mL acetone and 10 mL MeOH. SnCl2•2H2O (2.8 g, 0.0125 eq, 5 eq)
dissolved in ~5 mL 10% HCl(aq) was added dropwise to the dissolved diol, and the
reaction was stirred for ~2 hours, during which the product oiled out of solution. Upon
completion via TLC, water was added and the reaction was extracted with hexanes, dried
with MgSO4, filtered and the solvent was removed on a rotovap. The crude product was
purified via column chromatography (silica gel, eluting with 100% hexanes).
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Si

(CH2)7CH3

S
I

I
S

Si

(CH2)7CH3

2,6-diiodo-4,8-bis(n-octyldi(isopropyl)ethynyl)-benzodithiophene

(3):

n-octyldi-

(isopropyl)silylacetylene (2.6 g, 0.0103 mol, 4 eq) and 2 (1.2 g, 0.0025 mol, 1 eq), and 2
were reacted according to the standard procedure, giving the final product as a pale
yellow oil. (1.7 g, 71%). 1H NMR (400 MHz; C6D6): δ 7.86 (s, 2H), 1.68-1.62 (m, 4H),
1.47-1.31 (m, 23H), 1.25-1.16 (m, 27H), 1.08 (dt, J = 8.4, 6.6 Hz, 5H), 0.92 (q, J = 4.4
Hz, 7H), 0.81-0.77 (m, 4H).13C NMR (101 MHz; C6D6): δ 145.6, 139.5, 133.3, 109.8,
103.3, 102.3, 81.9, 34.3, 32.5, 29.89, 29.86, 25.2, 23.2, 18.7, 18.5, 14.5, 12.2, 10.4
Si

S
I

I
S

Si

2,6-diiodo-4,8-bis(tri(iso-butyl)silylethynyl)-benzodithiophene (3-i): tri(isobutyl)silylacetylene (1.1 g, 0.0022 mol, 4 eq), n-butyl lithium (2.5 M in hexanes, 0.8 mL, 0.002 mol
3.6 eq) and 2 (0.26 g, 0.00055 mol, 1 eq), were reacted according to the standard
procedure, giving the final product as a crystalline white solid (0.4 g, 81%). 1H NMR
(400 MHz; C6D6): δ 7.89 (s, 2H), 2.12-1.99 (m, 6H), 1.13 (d, J = 6.6 Hz, 36H), 0.80 (d, J
= 6.9 Hz, 12H). 13C NMR (101 MHz; C6D6): δ 145.4, 139.8, 133.5, 109.9, 106.0, 102.4,
81.8, 26.6, 25.6, 25.4
Si

S
I

I
S

Si

2,6-diiodo-4,8-bis(tri(n-butyl)silylethynyl)-benzodithiophene

(3-b):

tri(n-butyl)silyl-

acetylene (2.1 g, 0.009 mol, 4 eq), n-butyl lithium (2.5 M in hexanes, 3.3 mL, 0.0084 mol
3.6 eq) and 2 (1 g, 0.002 mol, 1 eq), were reacted according to the standard procedure,
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giving the final product as a crystalline white solid (1.4 g, 75%).

1

H NMR (400 MHz;

C6D6): δ 7.84 (s, 2H), 1.63-1.56 (m, 12H), 1.46 (dq, J = 14.8, 7.3 Hz, 12H), 1.00 (t, J =
7.3 Hz, 18H), 0.80 (m, 12H).

13C

NMR (101 MHz; C6D6): δ 145.5, 139.5, 133.4, 109.9,

104.8, 101.9, 81.8, 26.92, 26.88, 14.2, 13.5
(CH2)4CH3
H3C(H2C)4 Si (CH2)4CH3

S
I

I
S

H3C(H2C)4 Si (CH2)4CH3
(CH2)4CH3

2,6-diiodo-4,8-bis(tri(n-pentyl)silylethynyl)-benzodithiophene (3-p): tri(n-pentyl)silylacetylene (0.42 g, 0.0016 mol, 4 eq), n-butyl lithium (2.5 M in hexanes, 0.6 mL, 0.0015
mol 3.6 eq) and 2 (0.2 g, 0.0004 mol, 1 eq), were reacted according to the standard
procedure, giving the final product as a pale yellow oil (0.24 g, 64%). δ 1H NMR (400
MHz; C6D6): δ 7.84 (d, J = 0.3 Hz, 2H), 1.68-1.60 (m, 12H), 1.47-1.38 (m, 25H), 0.98 (t,
J = 7.2 Hz, 18H), 0.83-0.79 (m, 12H).
MHz; C6H6) δ

13C

NMR (101 MHz; C6D6): δ 13C NMR (101

145.5, 139.5, 133.3, 109.9, 104.9, 101.9, 81.8, 36.1, 24.3, 22.9, 14.4,

13.7.
(CH2)5CH3
H3C(H2C)5 Si (CH2)5CH3

S
I

I
S

H3C(H2C)5 Si (CH2)5CH3
(CH2)5CH3

2,6-diiodo-4,8-bis(tri(n-hexyl)silylethynyl)-benzodithiophene

(3-h):

tri(n-hexyl)silyl-

acetylene (2.5 g, 0.008 mol, 4 eq), n-butyl lithium (2.5 M in hexanes, 3.3 mL, 0.0084 mol
3.6 eq) and 2 (1 g, 0.002 mol, 1 eq), were reacted according to the standard procedure,
giving the final product as a pale yellow oil (1.4 g, 68%). 1H NMR (400 MHz; CDCl3): δ
7.73 (s, 2H), 1.54-1.48 (m, 13H), 1.45-1.32 (m, 35H), 0.91 (t, J = 6.9 Hz, 18H), 0.76 (dd,
J = 9.3, 7.0 Hz, 12H).

13C

NMR (101 MHz; CDCl3): δ 145.1, 139.0, 133.1, 109.4,

105.0, 101.1, 81.1, 77.5, 77.2, 76.8, 33.3, 31.8, 24.2, 22.8, 14.4, 13.5
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S
Sn
S

2-tri(methyl)stannyl benzodithiophene: A flame dried round bottomed flask was charged
with benzodithiophene (0.5 g, 0.0026 mol, 1 eq) and anhydrous THF (50 mL) and was
cooled in an acetone/dry ice bath for ~20 minutes. To this, n-butyl lithium (2.5 M in
hexanes, 1.15 mL, 0.0028 mol, 1.1 eq) was added dropwise and stirred for ~60 minutes,
followed by the addition of tri(methyl)stannyl chloride (1 M in hexane, 3.4 mL, 0.0034
mol, 1.3 eq). The reaction was stirred for 10 minutes, then removed from the bath and
allowed to warm to room temperature. The reaction was quenched with water, extracted
with hexanes, the organic layer was dried with MgSO4, filtered and the solvent was
removed leaving behind a silvery solid which was recrystallized from a minimum amount
of hexanes (0.75 g, 0.0021 mol, 82%).
S
Sn

2-tri(methyl)stannyl benzothiophene: A flame dried round bottomed flask was charged
with benzothiophene (0.5 g, 0.0037 mol, 1 eq) and anhydrous THF (50 mL) and was
cooled in an acetone/dry ice bath for ~20 minutes. To this, n-butyl lithium (2.5 M in
hexanes, 1.6 mL, 0.0041 mol, 1.1 eq) was added dropwise and stirred for ~60 minutes,
followed by the addition of tri(methyl)stannyl chloride (1 M in hexane, 4.8 mL, 0.0048
mol, 1.3 eq). The reaction was stirred for 10 minutes, then removed from the bath and
allowed to warm to room temperature. The reaction was quenched with water, extracted
with hexanes, the organic layer was dried with MgSO4, filtered and the solvent was
removed leaving behind a pale yellow oil which was used without further purification
(0.98 g, 0.0033 mol, 90%).

Sn

2-tri(methyl)stannyl azulene: Using a modification of the procedure by Ito et al[23], A
flame dried round bottomed flask was charged with iodoazulene (0.12 g, 0.00047 mol, 1
eq) and anhydrous THF (10 mL) and was cooled in an acetone/dry ice bath for ~20
minutes. A solution of LiMg(n-butyl)2(isopropyl) (0.15 M in THF, 3.5 mL, 0.00051 mol,
1.1 eq) was added dropwise and stirred for 20 minutes, then trimethylstannyl chloride (1
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M in hexane, 1.5 mL, 0.0015 mol, 3.2 eq). The reaction was stirred for 10 minutes, then
removed from the bath and allowed to warm to room temperature. The reaction was
quenched with water, extracted with hexanes, the organic layer was dried with MgSO4,
filtered and the solvent was removed leaving behind a blue oil which slowly crystallized,
which was used without further purification (0.09 g, 0.00031 mol, 66%).

Sn

2-tri(methyl)stannyl phenantherene: A flame dried round bottomed flask was charged
with 2-bromophenanthene (0.4 g, 0.0015 mol, 1 eq) and anhydrous THF (40 mL) and was
cooled in an acetone/dry ice bath for ~20 minutes. To this, n-butyl lithium (2.5 M in
hexanes, 0.68 mL, 0.0017 mol, 1.1 eq) was added dropwise and stirred for ~60 minutes,
followed by the addition of tri(methyl)stannyl chloride (1 M in hexane, 2.0 mL, 0.0020
mol, 1.3 eq). The reaction was stirred for 10 minutes, then removed from the bath and
allowed to warm to room temperature. The reaction was quenched with water, extracted
with hexanes, the organic layer was dried with MgSO4, filtered and the solvent was
removed leaving behind an off white solid which was used without further purification
(0.45 g, 0.0013 mol, 84%)
Standard procedure for Stille Coupling: A flame dried sealed tube was charged with 3 (1
eq) dissolved in toluene which was purged with N2 for ~10 minutes. Then the stannane
(2.5 eq), Pd2dba3 (0.05 eq), AsPh3 (0.2 eq) was added, the tube was sealed, and was
heated to 90° C overnight. The reaction mixture was cooled to room temperature, diluted
with toluene, and filtered through celite. The solvent was removed and the remaining
solid was triturated with hexanes, filtered, and the solid was then purified via column
chromatography. The pure fractions were combined, the solvent was removed, and the
solid was recrystallized.
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Si

(CH2)7CH3

S
S

S

S

Si

(CH2)7CH3

Benzothiophene (3a): 3 (0.2 g, 0.00021 mol), trimethylstannyl benzothiophene (0.16 g,
0.00053 mol), Pd2dba3 (0.01 g, 1.1 x 10-5 mol), AsPh3 (0.013 g, 4.4 x 10-5 mol) were
reacted via the standard procedure. The crude product was purified by column
chromatography (silica gel, 10:1 cyclohexane:toluene) and was then recrystallized from a
mixture of hexanes and toluene to give the final product as gold needles (0.11 g, 0.00012
mol, 55%). 1H NMR (400 MHz; CDCl3): δ 7.84-7.79 (m, 4H), 7.74 (s, 2H), 7.57 (s, 2H),
7.40-7.33 (m, 4H), 1.68-1.60 (m, 4H), 1.52-1.21 (m, 49H), 0.86-0.81 (m, 10H).

13

C

NMR (101 MHz; CDCl3): δ 140.4, 140.1, 139.7, 139.3, 138.9, 136.9, 125.1, 124.8, 123.8,
122.16, 122.09, 120.5, 111.6, 102.9, 101.9, 33.9, 32.0, 29.42, 29.38, 24.7, 22.7, 18.5,
18.2, 14.1, 11.8, 10.1 Anal. Calcd (%) for C58H74S4Si2: C, 72.90; H 7.81; found: C, 73.98;
H, 7.43.

Si

S
S

(CH2)7CH3

S
S

S
S

Si

(CH2)7CH3

Benzodithiophene (3b): 3 (0.2 g, 0.00021 mol), trimethylstannyl benzodithiophene (0.19
g, 0.00053 mol), Pd2dba3 (0.01 g, 1.1 x 10-5 mol), AsPh3 (0.013 g, 4.4 x 10-5 mol) were
reacted via the standard procedure. The crude product was purified by column
chromatography (silica gel, 10:1 cyclohexane:toluene) and was then recrystallized from a
mixture of hexanes and toluene to give the final product as gold needles (0.15 g, 0.00014
mol, 68%).1H NMR (400 MHz; CD2Cl2/CS2): δ 8.27 (s, 2H), 8.24 (s, 2H), 7.73 (s, 2H),
7.61 (s, 2H), 7.51 (d, J = 5.5 Hz, 2H), 7.39-7.37 (m, 2H), 1.72-1.64 (m, 4H), 1.54-1.24
(m, 53H), 0.90-0.85 (m, 10H).13C NMR (101 MHz; CD2Cl2/CS2): δ 141.1, 139.8, 139.6,
138.7, 138.33, 138.29, 137.8, 137.5, 128.3, 123.5, 121.9, 121.3, 117.7, 117.0, 112.2,
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103.7, 102.5, 34.7, 32.8, 30.2, 25.4, 23.6, 19.0, 18.8, 14.7, 12.6, 10.8 Anal. Calcd (%) for
C62H74S6Si2: C, 69.74; H 7.99; found: C, 69.74; H, 7.06.

Si

(CH2)7CH3

S
S

Si

(CH2)7CH3

Phenantherene (3d): 3 (0.2 g, 0.00021 mol), trimethylstannyl phenatherene (0.18 g,
0.00053 mol), Pd2dba3 (0.01 g, 1.1 x 10-5 mol), AsPh3 (0.013 g, 4.4 x 10-5 mol) were
reacted via the standard procedure. The crude product was purified by column
chromatography (silica gel, 10:1 cyclohexane:toluene) and was then recrystallized from a
mixture of hexanes and toluene to give the final product as a bright yellow crystalline
solid (0.14 g, 0.00013 mol, 64%). 1H NMR (400 MHz; CDCl3): δ 8.75 (d, J = 8.8 Hz,
2H), 8.69 (d, J = 8.2 Hz, 2H), 8.21 (d, J = 1.8 Hz, 2H), 8.04 (dd, J = 8.6, 2.0 Hz, 2H),
7.94 (d, J = 1.2 Hz, 2H), 7.90 (d, J = 7.9 Hz, 2H), 7.81 (d, J = 3.6 Hz, 4H), 7.70-7.66 (m,
2H), 7.60 (td, J = 7.4, 0.9 Hz, 2H), 1.72-1.66 (m, 4H), 1.53-1.21 (m, 50H), 0.91-0.87 (m,
4H), 0.82-0.79 (m, 6H)13C NMR (101 MHz; CDCl3): δ 153.7, 151.2, 149.3, 145.4, 143.6,
140.5, 139.6, 132.29, 132.26, 132.23, 132.13, 130.3, 130.0, 128.7, 127.78, 127.76,
126.94, 126.89, 126.85, 126.81, 126.18, 126.15, 124.6, 123.5, 122.75, 122.71, 119.0,
111.6, 102.38, 102.34, 34.0, 32.0, 29.46, 29.43, 29.40, 24.8, 22.7, 18.6, 18.3, 14.0, 11.88,
11.87, 10.2 Anal. Calcd (%) for C70H82S2Si2: C, 80.56; H 7.92; found: C, 80.96; H, 7.89.

Si

(CH2)7CH3

S
S

Si

(CH2)7CH3

Azulene (3e): 3 (0.09 g, 9.5 x 10-5 mol), trimethylstannyl azulene (0.07 g, , 24 x 10-5
mol), Pd2dba3 (0.005 g 0.5 x 10-5 mol), AsPh3 (0.007 g, 2.2 x 10-5 mol) were reacted via
the standard procedure. However, this molecule was not triturated with hexane. The
crude

product

was

purified

by

column
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chromatography

(silica

gel,

10:1

hexane:dichloromethane) and was then recrystallized from a mixture of hexanes and
toluene to give the final product as iridescent green needles (0.038 g, , 3.9 x 10-5 mol,
41%). 1HNMR (400 MHz; CDCl3): δ 8.29 (d, J = 9.2 Hz, 4H), 8.04 (s, 2H), 7.66 (s, 4H),
7.52 (t, J = 9.9 Hz, 2H), 7.18 (t, J = 9.9 Hz, 4H), 1.70-1.64 (m, 4H), 1.52-1.19 (m, 50H),
0.89-0.79 (m, 10H).13C NMR (101 MHz; CDCl3): δ 142.9, 142.4, 141.62, 141.43, 140.0,
137.2, 136.6, 124.5, 121.3, 115.0, 111.9, 102.59, 102.58, 77.5, 77.2, 76.8, 34.2, 32.2,
29.65, 29.61, 24.9, 22.9, 18.7, 18.5, 14.3, 12.1, 10.4 Anal. Calcd (%) for C62H78S2Si2: C,
78.92; H 8.33; found: C, 79.08; H, 8.21.

Si

(CH2)7CH3

S
S

S

S

S

S

S
S

S
S
Si

(CH2)7CH3

Tetrathiofulvalene (3c): 3 (0.2 g, 0.00021 mol), trimethylstannyl tetrathiofulvalene (0.19
g, 0.00053 mol), Pd2dba3 (0.01 g, 1.1 x 10-5 mol), AsPh3 (0.013 g, 4.4 x 10-5 mol) were
reacted via the standard procedure. The crude product was purified by column
chromatography (silica gel, 4:1 hexanes:DCM) and was then recrystallized from a
mixture of hexanes and toluene to give the final product as a dark needles (0.12 g,
0.00011 mol, 52%). 1H NMR (400 MHz; D6-acetone/CS2): δ 7.29 (s, 2H), 6.77 (s, 2H),
6.47 (s, 4H), 1.64-1.57 (m, 4H), 1.51-1.44 (m, 4H), 1.40-1.19 (m, 49H), 0.91-0.88 (m,
7H), 0.85-0.81 (m, 4H).13C NMR (101 MHz; D6-acetone/CS2): δ 140.5, 139.7, 137.2,
129.7, 122.0, 120.08, 120.07, 119.4, 115.1, 112.3, 107.7, 104.0, 102.4, 34.8, 32.9, 29.8,
25.5, 23.8, 19.2, 15.0, 12.8, 10.9. Anal. Calcd (%) for C54H70S10Si2: C, 59.18; H 6.44;
found: C, 59.42; H, 6.36.
Si

S
S

S
S

S
S

Si

Tri(isobutyl)silylethynyl benzodithiophene trimer (3b-i): 3-i (0.1 g, 0.00011 mol),
trimethylstannyl benzodithiophene (0.09 g, 0.00026 mol), Pd2dba3 (0.01 g, 1.1 x 10-5
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mol), AsPh3 (0.013 g, 4.4 x 10-5 mol) were reacted via the standard procedure. The crude
product was purified by column chromatography (silica gel, DCM) and was then
recrystallized from toluene to give the final product as yellow/orange needles (0.06 g,
55%). 1H NMR (400 MHz; CD2Cl2/CS2): δ 8.30-8.29 (m, 2H), 8.30-8.27 (m, 2H), 7.777.73 (m, 2H), 7.65-7.61 (m, 2H), 7.56 (t, J = 6.9 Hz, 2H), 7.42 (d, J = 5.5 Hz, 2H), 2.252.13 (m, 6H), 1.43-1.15 (m, 38H), 1.13-0.91 (m, 13H).13C NMR (101 MHz;
CD2Cl2/CS2): δ 141.1, 139.9, 139.7, 138.7, 138.43, 138.39, 138.0, 137.6, 128.4, 123.6,
121.9, 121.3, 117.8, 117.1, 112.3, 106.1, 102.7, 27.2, 26.1, 25.8
Si

S
S

S

S

S

S

Si

Tri(n-butyl)silylethynyl benzodithiophene trimer (3b-b): 3-b (0.3 g, 0.0003 mol),
trimethylstannyl benzodithiophene (0.27 g, 0.00078 mol), Pd2dba3 (0.03 g, 3.3 x 10-5
mol), AsPh3 (0.04 g, 13 x 10-5 mol) were reacted via the standard procedure. The crude
product was purified by column chromatography (silica gel, DCM) and was then
recrystallized from a mixture of hexane and toluene to give the final product as
yellow/orange needles (0.19 g, 64%). 1H NMR (400 MHz; CD2Cl2/CS2): δ 8.26 (s, 2H),
8.23 (s, 2H), 7.71 (s, 2H), 7.60 (s, 2H), 7.51 (d, J = 5.5 Hz, 2H), 7.38 (dd, J = 5.6, 0.7 Hz,
2H), 1.68-1.51 (m, 25H), 1.07 (t, J = 7.2 Hz, 18H), 0.92-0.88 (m, 12H).

13C

NMR (101

MHz; CD2Cl2/CS2): δ 141.2, 139.70, 139.65, 138.7, 138.39, 138.36, 137.9, 137.6, 128.4,
123.6, 121.9, 121.3, 117.8, 117.1, 112.3, 105.3, 102.0, 100.4, 27.5, 27.2, 14.7, 13.9. Anal.
Calcd (%) for C58H66S6Si2: C, 68.86; H, 6.58; found: C, 68.99; H, 6.76
(CH2)4CH3
H3C(H2C)4 Si (CH2)4CH3

S
S

S
S

S
S

H3C(H2C)4 Si (CH2)4CH3
(CH2)4CH3

Tri(n-pentyl)silylethynyl benzodithiophene trimer (3b-p): 3-p (0.15 g, 0.00015 mol),
trimethylstannyl benzodithiophene (0.13 g, 0.000375 mol), Pd2dba3 (0.007 g, 0.75 x 10-5
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mol), AsPh3 (0.001 g, 3 x 10-5 mol) were reacted via the standard procedure. The crude
product was purified by column chromatography (silica gel, 10:1 Hexane:DCM) and was
then recrystallized from a mixture of hexane and toluene to give the final product as long
yellow needles (0.11 g, 70%) 1H NMR (400 MHz; CD2Cl2/CS2): δ 8.25 (s, 2H), 8.22 (s,
2H), 7.70 (s, 2H), 7.59 (s, 2H), 7.51 (d, J = 5.5 Hz, 2H), 7.38 (d, J = 5.5 Hz, 2H), 1.681.61 (m, 12H), 1.55-1.43 (m, 24H), 1.02 (t, J = 7.0 Hz, 18H), 0.90-0.86 (m, 13H).

13C

NMR (101 MHz; CD2Cl2/CS2): δ 141.3, 139.7, 138.7, 138.4, 137.9, 137.6, 128.4, 123.6,
121.9, 121.3, 117.8, 117.1, 112.3, 105.3, 102.1, 100.3, 36.6, 24.7, 23.5, 15.0, 14.2
(CH2)5CH3
H3C(H2C)5 Si (CH2)5CH3

S

S

S

S

S
S

H3C(H2C)5 Si (CH2)5CH3
(CH2)5CH3

Tri(n-hexyl)silylethynyl benzodithiophene trimer (3b-h): 3-h (0.4 g, 0.00038 mol),
trimethylstannyl benzodithiophene (0.33 g, 0.001 mol), Pd2dba3 (0.017 g, 1.9 x 10-5 mol),
AsPh3 (0.023 g, 7.5 x 10-5 mol) were reacted via the standard procedure. The crude
product was purified by column chromatography (silica gel, 10:1 hexane:DCM) and was
then recrystallized from a mixture of hexane and toluene to give the final product as
orange plates (0.28 g, 62%) 1H NMR (400 MHz; CD2Cl2/CS2): δ 8.26 (s, 2H), 8.22 (s,
2H), 7.74 (s, 2H), 7.60 (s, 2H), 7.49 (d, J = 5.5 Hz, 2H), 7.36 (d, J = 5.5 Hz, 2H), 1.671.60 (m, 13H), 1.55-1.48 (m, 16H), 1.45-1.37 (m, 27H), 0.93 (t, J = 7.0 Hz, 19H), 0.87
(dd, J = 9.4, 6.9 Hz, 14H).

13C

NMR (101 MHz; CD2Cl2/CS2): δ Anal. Calcd (%) for

C70H90S6Si2: C, 71.25; H, 7.69; found: C, 71.56; H, 7.61

Si
Br

S

Si
Br

2,5-bis(trimethylsilyl)-3,4-dibromothiophene: A 500 mL flame dried round bottomed
flask under nitrogen was charged with 50 mL anhydrous THF, 3,4-dibromothiophene (5
g. 0.0206 mol, 1 eq) and trimethylsilylchloride (10.5 mL, 0.083 mol, 4 eq). The reaction
mixture was cooled in an ice bath and LiHMDS (1.0 M in THF, 45.3 mL, 0.0453 mol, 2.2
eq) was added dropwise via an addition funnel. The reaction was stirred overnight then
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the reaction was quenched with water and extracted with hexanes. The organic layer was
dried with MgSO4, filtered and solvent was removed. The resulting oil was distilled on a
keugelrohr collecting the product 150°C as a colorless oil (7.5 g, 94%). MS (EI): m/z
calcd for C10H18Br2SSi2 [M]+: 383.9; found 384.0

S

Si
Br

Si
F

2,5-bis(trimethylsilyl)-4-fluoro-3-bromothiophene: A 500 mL flame dried round
bottomed flask under nitrogen was charged with 75 mL anhydrous THF and 2,5bis(trimethylsilyl)-3,4-dibromothiophene (5 g, 0.013 mol, 1 eq) and cooled in an
acetone/dry ice bath for 20 minutes. To this s-BuLi (1.4 M in cyclohexane, 11.14 mL,
0.0156 mol, 1.2 eq) was added dropwise and was stirred for 45 minutes. In a second 500
mL flame dried round bottomed flask, NFSI (6.15 g, 0.0195 mol, 1.5 eq) was dissolved in
50 mL anhydrous THF and cooled in a dry ice/acetone bath. The lithiated thiophene was
transferred via canula in to the flask containing the NFSI. After completion of the
addition, the reaction was warmed to room temperature, quenched with water and
extracted with hexanes. The organic layer was dried with MgSO4, filtered and the solvent
was removed, leaving behind an oily white solid which was taken up in hexanes and
filtered through a thin pad of silica gel. After removal of solvent, the pale yellow oil was
distilled via keugelrohr, collecting the product at 117 °C as a colorless oil. GC/MS
analysis showed this to >95% pure, though it was contaminated with an inseparable
amount of 2,5-bis(trimethylsilyl)-3-bromothiophene 1H NMR (400 MHz; CDCl3): δ 0.38
(s, 3H), 0.35 (s, 3H).

13

C NMR (101 MHz; CDCl3): δ 19F NMR (376 MHz; CDCl3): δ -

113.49; MS (EI): m/z calcd for C10H18BrFSSi2 [M]+: 324.0; found 324.0

Si

S

O

Si
F

OH

2,5-bis(trimethylsilyl)-4-fluoro-3-thiophene carboxylic acid:
A 500 mL flame dried round bottomed flask under nitrogen was charged with 90 mL
heptane and 2,5-bis(trimethylsilyl)-4-fluoro-3-bromothiophene (5.6 g, 0.017 mol, 1 eq)
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and cooled in an acetone/dry ice bath for 20 minutes. To this s-BuLi (1.4 M in
cyclohexane, 14.6 mL, 0.02 mol, 1.2 eq) was added dropwise and was stirred for 45
minutes. CO2(g) was bubbled through the reaction mixture, which was then removed
from the bath and let warm to room temperature. The reaction was quenched with ~2%
HCl and extracted with hexanes. The organic layer was dried with MgSO4, filtered and
the solvent was removed, leaving behind an oily white solid, which was taken up in
hexanes and poured onto a silica plug. The plug was eluted first with DCM, then
with10% ethyl acetate in DCM to collect the product. The solvent was removed leaving
behind an off white solid (3.6 g, 72%).1H NMR (400 MHz; CDCl3): δ 0.40 (s, 3H), 0.38
(s, 3H). 13C NMR (101 MHz; CDCl3): δ 164.9, 162.2, 157.5, 138.3, 126.6, 126.4, 122.9,
122.6, -0.6, -0.7. 19F NMR (376 MHz; CDCl3): δ -113.43

S
O

Si
F

OH

2-trimethylsilyl-4-fluoro-3-thiophenecarboxylic acid: 2,5-bis(trimethylsilyl)-4-fluoro-3thiophene carboxylic acid (3.54 g, 0.122 mol, 1 eq) was dissolved in 90 mL THF. TBAF
(1.0 M in THF, 13.4 mL, 0.0134 mol, 1.1 eq) was added and the reaction was monitored
by TLC (4:1 hexanes:ethyl acetate). After consumption of the starting material, the
reaction mixture was quenched with 2% HCl and extracted with DCM. The organic layer
was dried with MgSO4, filtered an the solvent was removed to give a yellow oil, which
was taken up in hexanes and poured onto a silica plug. This was eluated first with 20:1
hexanes:ethyl acetate, and the product was collected with 3:1 hexanes:ethyl acetate. The
solvent was removed leaving behind a highly crystalline white solid. 1H NMR (400 MHz;
CDCl3): δ 7.01 (d, J = 0.5 Hz, 1H), 0.39 (s, 9H). 13C NMR (101 MHz; CDCl3): δ 167.11
(s), 159.04 (d, 1JCF = 273.0 Hz), 152.44 (s), 129.70 (s), 125.50 (d, 2JCF = 14.7 Hz, 1C),
109.71 (d, 2JCF = 21.7 Hz), -0.86 (s). 19F NMR (376 MHz; CDCl3): δ -122.3

S

Si
F

O
N
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5-trimethylsilyl-4-fluoro-3-(N,N-diethylamido)thiophene:

2-trimethylsilyl-4-fluoro-3-

thiophenecarboxylic acid (1.01 g, 0.0046 mol, 1 eq) was dissolved in DCM (25 mL) and
cooled to 0°C in an ice bath. Oxalyl chloride (0.6 mL, 0.0069 mol, 1.5 eq) was added
followed by a few drops of DMF and the reaction was stirred overnight. The next day the
solvent and excess oxalyl chloride were removed via evaproation, and the resulting oil
was redissolved in DCM (25 mL), cooled to 0°C, and diethylamine (1.5 mL, 0.0147 mol,
3.2 eq) was added. The reaction was stirred for ~4 hours, then extracted with water and
DCM. The organic layer was dried with MgSO4 filtered, and the solvent was removed.
The crude oil was purified by column chromatography using a hexanes/ethyl acetate
gradient (100:0 to 10:1), which removed trace amounts of a non-fluorinated impurity.
Removal of solvent from the combined pure fractions yielded a highly crystalline white
solid (0.93 g, 74%). 1H NMR (400 MHz; CDCl3): δ 6.93 (s, 1H), 3.55 (q, J = 7.1 Hz,
2H), 3.24 (q, J = 7.1 Hz, 2H), 1.24 (t, J = 7.1 Hz, 3H), 1.11 (t, J = 7.1 Hz, 3H), 0.31 (s,
9H). 13C NMR (101 MHz; CDCl3): 164.90 (d, 3JCF = 2.6 Hz), 155.48 (d, 1JCF= 262.8 Hz),
139.19 (d, 3JCF = 1.3 Hz), 133.62 (d, 2JCF = 22.5 Hz), 108.66 (d, 2JCF = 21.2 Hz), 43.16
(s), 39.35 (s), 13.93 (s), 12.85 (s), -0.41 (s). δ
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F NMR (376 MHz; CDCl3): δ -128.97;

MS (EI): m/z calcd for C12H20FNOSSi [M-CH3]+: 258.1; found 258.2

F

O
S

S
O

F

3,7-difluoro-4,8-benzodithiophenequinone: To a flame dried 100 mL round-bottomed
flask under nitrogen, 5-trimethylsilyl-4-fluoro-3-(N,N-diethylamido)thiophene (0.93 g,
0.0034 mol, 1 eq), was dissolved in THF (8 mL) and cooled to -20°C in an acetone/ice
bath. To this, n-butyl lithium (2.5 M in hexanes, 1.49 mL, 0.0037 mol, 1.1 eq) was added
slowly dropwise. The bath temperature was kept under 0°C and the reaction was
monitored by GC/MS. Upon completion of the reaction, it was quenched with dilute HCl
(~2%) and extracted with DCM. The combined organic layers were dried with MgSO4
filtered, and the solvent was removed. The yellow solid was dissolved in DCM and
purified via a silica plug, eluting with DCM. The pure fractions were combined and the
solvent was removed, yielding a crystalline yellow solid (0.21 g, 48%). 1H NMR (400
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MHz; CDCl3): δ 7.31 (s, 2H).

13

C NMR (101 MHz; CDCl3): δ 171.64 (s), 155.90 (d, 1JCF

= 276.9 Hz), 143.21 (s), 128.59 (d, 2JCF = 13.7 Hz), 113.75 (d, 2JCF = 19.1 Hz) 19F NMR
(376 MHz; CDCl3): δ -122.7; MS (EI): m/z calcd for C10H2F2O2S2 [M]+: 255.95; found
256.0
General Procedure for the silylethyne functionalized IFBDTs:
In a flame dried round bottomed flask under nitrogen, the trialkylsilylacetylene (4 eq)
was dissolved in 15 mL heptane and 6 mL anhydrous THF and cooled to 0° C in an ice
bath. To this, n-butyl lithium (2.5 M in hexanes, 3.6 eq) was added dropwise and stirred
for ~20 minutes, followed by the addition of 2 (1 eq), and was stirred overnight. The
following morning the reaction was quenched with water and extracted into ether, dried
with MgSO4, filtered and the solvent was removed on a rotovap. The yellow oil was
purified via a short plug of silica, eluting first with hexanes, then with 1:1 hexanes:DCM
to recover the diol. The diol was then dissolved in ~1 mL acetone and 10 mL MeOH.
SnCl2•2H2O (2.8 g, 0.0125 eq, 5 eq) dissolved in ~5 mL 10% HCl(aq) was added dropwise
to the dissolved diol, and the reaction was stirred for ~2 hours, during which the product
oiled out of solution. Upon completion via TLC, water was added and the reaction was
extracted with hexanes, dried with MgSO4, filtered and the solvent was removed on a
rotovap. The crude product was purified via column chromatography (silica gel, eluting
with 100% hexanes), and was then iodinated without further characterization. In a flame
dried round-bottomed flask under nitrogen, the TAS-FBDT was dissolved in THF and
cooled to -78°C. To this sec-butyl lithium (1.4 M in hexanes, 3 eq) was added dropwise
and stirred for ~45 minutes. A solution of iodine (0.5 M in toluene) was added dropwise
until the iodine color persisted. The reaction was allowed to warm to room temperature
then was extracted with hexanes and a minimum amount of aqueous sodium thiosulfate
(2% w/v) to quench any remaining iodine. The organic layer was dried with MgSO4,
filtered and the solvent was removed on a rotovap. The crude product was purified via
column chromatography (silica gel, eluting with 100% hexanes).
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2,6-diiodo-3,7-difluoro-4,8-bis(tri(iso-butyl)silylethynyl)-benzodithiophene

(4-i):

FBDTq (0.05 g, 0.00019 mol), tri(iso-butyl)silylethyne were reacted via the standard
procedure. After deoxygenation and iodination the pure compound was obtained as a hite
crystalline solid (0.1 g, 61% over three steps). 1H NMR (400 MHz; C6H6): δ 2.16-2.02
(m, 6H), 1.14 (d, J = 6.6 Hz, 35H), 0.85 (d, J = 7.0 Hz, 12H).

13

C NMR (101 MHz;

CDCl3): δ 19F NMR (376 MHz; CDCl3): δ

Si
F
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I
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F
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2,6-diiodo-3,7-difluoro-4,8-bis(tri(n-butyl)silylethynyl)-benzodithiophene (4-b): FBDTq
(0.05 g, 0.00019 mol), tri(n-butyl)silylethyne were reacted via the standard procedure.
After deoxygenation and iodination the pure compound was obtained as a white
crystalline solid (0.09 g, 52% over three steps).

1

H NMR (400 MHz; CDCl3): δ

13

C

19

NMR (101 MHz; CDCl3): δ F NMR (376 MHz; CDCl3): δ
(CH2)4CH3
H3C(H2C)4 Si (CH2)4CH3
F
S
I

I
S
F

H3C(H2C)4 Si (CH2)4CH3
(CH2)4CH3

2,6-diiodo-3,7-difluoro-4,8-bis(tri(n-pentyl)silylethynyl)-benzodithiophene

(4-p):

FBDTq (0.11 g, 0.00043 mol), tri(n-pentyl)silylethyne were reacted via the standard
procedure. After deoxygenation and iodination the pure compound was obtained as a pale
yellow oil (0.2 g, 61% over three steps). 1H NMR (400 MHz; C6D6): δ 1.72-1.64 (m,
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12H), 1.49-1.38 (m, 24H), 0.99-0.96 (m, 18H), 0.87-0.83 (m, 12H). 13C NMR (101 MHz;
C6D6): δ 154.25 (d, 1JCF = 267.5 Hz), 142.94 (d, 3JCF = 4.5 Hz), 126.29 (d, 2JCF = 18.9
Hz), 109.50 (dd, 3JCF = 4.0, 4JCF = 2.2 Hz), 108.37 (s), 99.08 (s), 62.88 (d, 2JCF = 26.2
Hz), 36.13 (s), 24.23 (s), 22.85 (s), 14.36 (s), 13.69 (s).19F NMR (376 MHz; C6D6): δ 117.62
(CH2)5CH3
H3C(H2C)5 Si (CH2)5CH3
F
S
I

I
S
F

H3C(H2C)5 Si (CH2)5CH3
(CH2)5CH3

2,6-diiodo-3,7-difluoro -4,8-bis(tri(n-hexyl)silylethynyl)-benzodithiophene (5-h): FBDTq
(0.192 g, 0.00075 mol), tri(n-hexyl)silylethyne were reacted via the standard procedure.
After deoxygenation and iodination the pure compound was obtained as a pale yellow oil
(0.42 g, 60% over three steps). 1H NMR (400 MHz; CDCl3): δ

13

C NMR (101 MHz;

CDCl3): δ 103.70 (d, 1JCF = 267.6 Hz), 92.05 (d, 3JCF = 4.3 Hz), 75.41 (d, 2JCF = 18.9 Hz,
), 58.60 (dd, 3JCF = 3.6, 4JCF =2.1 Hz), 57.49 (s), 48.21 (s), 12.01 (d, 2JCF = 26.2 Hz), 17.22 (s), -18.80 (s), -26.33 (s), -27.78 (s), -36.38 (s), -37.09 (s).

19

F NMR (376 MHz;

CDCl3): δ -117.56
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Tri(isobutyl)silylethynyl-3,7-difluoro-benzodithiophene trimer (5-i): 4-i (0.052 g, 5.6 x
10-5 mol) trimethylstannyl benzothiophene (0.05 g, 0.00014 mol), Pd2dba3 (0.003 g, 0.3 x
10-5 mol), AsPh3 (0.006 g, 2.2 x 10-5 mol) were reacted via the standard procedure. The
crude product was purified by column chromatography (silica gel, DCM) and was then
recrystallized from toluene to give the final product as small yellow crystals (0.03 g,
55%). Crystals suitable for single crystal XRD were grown by slow evaporation of CS2.
1

H NMR (400 MHz; CD2Cl2/CS2): δ 8.31 (dd, J = 0.8, 0.4 Hz, 2H), 8.27 (s, 2H), 7.68 (s,
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2H), 7.52 (d, J = 5.5 Hz, 2H), 7.39 (dt, J = 5.5, 0.4 Hz, 2H), 2.15-2.08 (m, 6H), 1.19-1.14
(m, 36H), 0.91 (td, J = 6.3, 1.4 Hz, 13H). Solubility was not sufficient to obtain CNMR.
19

F NMR (376 MHz; CD2Cl2/CS2): δ -122.43
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Tri(n-butyl)silylethynyl-3,7-difluoro-benzodithiophene trimer (5-b): 4-b (0.062 g, 6.7 x
10-5 mol) trimethylstannyl benzothiophene (0.06 g, 0.00016 mol), Pd2dba3 (0.003 g, 0.3 x
10-5 mol), AsPh3 (0.006 g, 2.2 x 10-5 mol) were reacted via the standard procedure. The
crude product was purified by column chromatography (silica gel, DCM) and was then
recrystallized from toluene to give the final product as small yellow needles (0.04 g,
54%) 1H NMR (400 MHz; CD2Cl2/CS2): δ 8.28 (s, 2H), 8.26 (s, 2H), 7.69 (s, 2H), 7.51
(d, J = 5.5 Hz, 2H), 7.38 (d, J = 5.5 Hz, 2H), 1.67-1.50 (m, 25H), 1.07 (t, J = 7.1 Hz,
18H), 0.91-0.87 (m, 13H).

13C

NMR (101 MHz; CD2Cl2/CS2): δ 149.0, 146.3, 138.7,

138.4, 138.0, 137.8, 133.34, 133.27, 128.5, 123.6, 122.79, 122.74, 119.6, 117.8, 117.0,
108.7, 99.4, 54.1, 53.8, 53.5, 27.6, 27.1, 14.8, 13.9.
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F NMR (376 MHz; CD2Cl2/CS2): δ

-122.2
(CH2)5CH3
H3C(H2C)5 Si (CH2)5CH3
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H3C(H2C)5 Si (CH2)5CH3
(CH2)5CH3

Tri(n-pentyl)silylethynyl-3,7-difluoro-benzodithiophene trimer (5-p): 4-p (0.1 g, 9.9 x 105

mol) trimethylstannyl benzothiophene (0.087 g, 0.00016 mol), Pd2dba3 (0.005 g, 0.5 x

10-5 mol), AsPh3 (0.012 g, 4 x 10-5 mol) were reacted via the standard procedure. The
crude product was purified by column chromatography (silica gel, DCM) and was then
recrystallized from a mixture of hexanes and toluene to give the final product as small
orange needles (0.07 g, 62%) 1H NMR (400 MHz; CD2Cl2/CS2): δ 8.25 (s, 2H), 8.22 (s,
2H), 7.70 (s, 2H), 7.59 (s, 2H), 7.51 (d, J = 5.5 Hz, 2H), 7.38 (d, J = 5.5 Hz, 2H), 1.68-
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1.61 (m, 12H), 1.55-1.43 (m, 24H), 1.02 (t, J = 7.0 Hz, 18H), 0.90-0.86 (m, 13H).

13C

NMR (101 MHz; CD2Cl2/CS2): δ 141.3, 139.7, 138.7, 138.4, 137.9, 137.6, 128.4, 123.6,
121.9, 121.3, 117.8, 117.1, 112.3, 105.3, 102.1, 100.3, 36.6, 24.7, 23.5, 15.0, 14.2 δ 19F
NMR (376 MHz; CD2Cl2/CS2): δ -122.2
(CH2)5CH3
H3C(H2C)5 Si (CH2)5CH3
F
S

S

S

S

S
S

F
H3C(H2C)5 Si (CH2)5CH3
(CH2)5CH3

Tri(n-hexyl)silylethynyl-3,7-difluoro-benzodithiophene trimer (5-h): 4-h (0.44 g, 0.0040
mol) trimethylstannyl benzothiophene (0.36 g, 0.00102 mol), Pd2dba3 (0.019 g, 2.1 x 10-5
mol), AsPh3 (0.051 g, 16 x 10-5 mol) were reacted via the standard procedure. The crude
product was purified by column chromatography (silica gel, 10:1 cyclohexane:toluene)
and was then recrystallized from a mixture of hexanes and toluene to give the final
product as orange plates (0.4 g, 82%) 1H NMR (400 MHz; CD2Cl2): δ 8.25 (s, 2H), 8.22
(s, 2H), 7.63 (s, 2H), 7.44 (d, J = 5.5 Hz, 2H), 7.32 (d, J = 5.5 Hz, 2H), 1.68-1.60 (m,
14H), 1.54-1.47 (m, 15H), 1.46-1.35 (m, 28H), 0.94-0.86 (m, 34H).

13C

NMR (101

MHz; CD2Cl2): δ 148.7, 146.0, 138.2, 137.8, 137.51, 137.46, 137.40, 137.33, 132.92,
132.86, 127.87, 127.83, 127.69, 123.1, 121.95, 121.90, 118.86, 118.74, 117.2, 116.5,
110.32, 110.18, 108.1, 98.8, 77.2, 33.5, 31.9, 24.3, 22.9, 14.4, 13.5 19F NMR (376 MHz;
CD2Cl2): δ -123.40
S
Si
S

A flame dried N2 purged round bottom flask was charged with benzodithiophene (0.5 g,
0.0026 mol), dissolved in anhydrous THF (20 mL), and cooled in an acetone/dry ice bath
for 20 minutes. To this n-butyllithium (2.5 M in hexane, 1.1 mL, 0.00275 mol) was added
slowly dropwise, and the reaction was then stirred for 1 hour, producing a yellow solution
with some white precipitate. Trimethylsilyl chloride (0.33 mL, 0.0039 mol) was then
added and the reaction cleared nearly instantaneously. After allowing to stir for another
30 minutes, the reaction was quenched with DI water, extracted with hexanes, dried with
MgSO4, filtered and the solvent was removed by rotary evaporator, to produce a white
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solid, which was further purified by dissolving the solid in hexanes and pouring through a
short silica plug eluting with hexanes. A white crystalline solid was obtained after
removal of solvent (0.64 g, 94%). 1H NMR (400 MHz, CDCl3): δ 8.31-8.28 (m, 2H),
7.48- 7.45 (m, 2H), 7.37-7.34 (m, 1H), 0.40 (s, 9H).

13

C NMR (100 MHz, CDCl3): δ

143.46, 140.76, 139.10, 137.46, 136.96, 129.78, 127.57, 122.93, 116.50, 116.35, -0.22.
MS (EI): m/z calcd for C13H14S2Si [M]+: 262.3; found 262.1
S
F

Si
S

A

flame

dried

N2

purged

round

bottom

flask

was

charged

with

-

trimethylsilylbenzodithiophene (0.5 g, 0.0019 mol), dissolved in anhydrous THF (50
mL), and cooled in an acetone/dry ice bath for 20 minutes. To this n-butyllithium (2.5 M
in hexane, 0.8 mL, 0.002 mol) was added slowly dropwise, and the reaction was then
stirred for 1 hour, producing a white precipitate. N- fluorobenzenesulfonimide (0.9 g,
0.00285 mol) was then added and the reaction was stirred for 2 hours. The reaction was
quenched with DI water, extracted with DCM, dried with MgSO4, filtered, and the
solvent was removed by rotary evaporator. The yellow solid was dissolved in DCM and
silica was added. The solvent was removed and the crude product, now adsorbed on
silica, was added to the top of a silica column and eluted with hexanes. The desired
product eluted first, and after removal of solvent a white crystalline solid was obtained
(0.24 g, 42%). 1H NMR (400 MHz, CDCl3): δ 8.10 (s, 1H), 8.07 (s, 1H), 7.44 (s, 1H),
6.71 (d, 3JHF = 2.48 Hz, 1H), 0.38 (s, 9H). ). 13C100 MHz, CDCl3): δ 164.54 (d, 1JCF
= 293.3 Hz), 142.63 (s), 141.48 (s), 138.74 (d, 4JCF = 3.87 Hz), 133.60 (d, 3JCF = 6.46
Hz), 129.98 (s), 129.513 (s), 116.95 (s), 116.4 (d, 3JCF = 6.87 Hz), 102.52 (d, 2JCF
=10.84 Hz), 0.21 (s). MS (EI): m/z calcd for C13H13FS2Si [M]+: 280.0; found 280.0
S
F

I
S

6-trimethlsilyl-2-fluorobenzodithiophene (0.24 g, 0.00087 mol) was dissolved in 100 mL
hexanes and ICl (1.0 M in DCM, 1.3 mL, 0.0013 mol) was added dropwise and the
purple solution was stirred at room temperature overnight. The reaction mixture was then
diluted with another 20 mL of DCM and 3.5 mL of 2% aqueous solution of Na2S2O3 was
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added and the reaction mixture was shaken in an addition funnel. The purple color
dissipated and the organic layer was separated off, dried with MgSO4, filtered, and the
solvent was removed by rotary evaporator, providing an off white solid. The solid was
dissolved in DCM and silica was added. The solvent was removed and the crude product,
now adsorbed on silica, was added to the top of a silica column and eluted with hexanes.
After elution of a small amount of a compound with a slightly higher Rf, the desired
product eluted. Removal of the solvent afforded a highly crystalline white solid (0.16 g,
56%). IFBDT 1H NMR (400 MHz, CDCl3): δ 7.89 (s, 2H), 7.52 (s, 1H), 6.70 (d, 3JHF =
2.48 Hz, 1H). 13C NMR (101 MHz; CDCl3) δ 166.4, 163.5, 142.2, 138.1, 138.1, 133.7,
133.6, 133.1, 129.9, 129.9, 115.9, 115.6, 115.5, 102.6, 102.5, 78.3, 78.3. 19F NMR (376
MHz; CDCl3): δ -121.16; MS (EI): m/z calcd for C10H4FIS2 [M]+: 333.9; found 333.9
S
F

Sn
S

6-iodo-2-fluorobenzodithiophene (0.5 g, 0.0015 mol) was dissolved in 50 mL anhydrous
THF and was cooled in an acetone/dry ice bath for ~20 minutes. A solution of LiMg(nbutyl)2(isopropyl) (0.15 M in THF, 11 mL, 0.0165 mol, 1.1 eq) was added dropwise and
stirred for 20 minutes, then trimethylstannyl chloride (1 M in hexane, 4.5 mL, 0.0045
mol, 3 eq). The reaction was stirred for 10 minutes, then removed from the bath and
allowed to warm to room temperature. The reaction was quenched with water, extracted
with hexanes, the organic layer was dried with MgSO4, filtered and the solvent was
removed leaving behind a white solid which was recrystallized from a minimum amount
of hexanes giving a silvery white solid that was used immediately without further
purification (0.4 g, 72%)
(CH2)5CH3
H3C(H2C)5 Si (CH2)5CH3

S

S

S

F

F
S

S

S

H3C(H2C)5 Si (CH2)5CH3
(CH2)5CH3

Tri(n-hexyl)silylethynyl-2,6’-difluoro benzodithiophene trimer (6-h): (0.3 g, 0.00028
mol, 1 eq), 6-tri(methyl)stannyl-2-fluorobenzodithiophene (0.26 g, 0.00071 mol 2.5 eq)
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Pd2dba3 (0.013 g, 1.4 x 10-5 mol), AsPh3 (0.017 g, 5.6 x 10-5 mol) were reacted via the
standard procedure. Reaction was purified via column chromatography (10:1
hexane:DCM)

then recrystallized from 10:1 hexanes:toluene to afford the final

compound as thin orange plates (0.26 g, 72%). NMR (400 MHz; CD6CO/CS2): δ 8.22 (s,
2H), 8.17 (s, 2H), 7.71 (s, 2H), 7.66 (s, 2H), 6.91 (d, J = 2.6 Hz, 2H), 1.68-1.62 (m, 12H),
1.57-1.50 (m, 13H), 1.47-1.39 (m, 25H), 0.96 (t, J = 7.1 Hz, 18H), 0.92-0.88 (m, 13H).
13C

NMR (101 MHz; CD6CO/CS2): δ 164.1, 141.3, 139.9, 138.39, 138.29, 137.14,

137.13, 135.38, 135.32, 131.1, 122.6, 121.3, 118.6, 117.5, 112.4, 105.6, 103.87, 103.76,
102.2, 34.3, 32.7, 25.2, 23.8, 15.0, 14.3 19F NMR (376 MHz; CD6CO/CS2): δ -121.18 (d,
J = 2.3 Hz).
(CH2)5CH3
H3C(H2C)5 Si (CH2)5CH3
F
S

S

S

F

F
S

S

S
F

H3C(H2C)5 Si (CH2)5CH3
(CH2)5CH3

Tri(n-hexyl)silylethynyl-3,7,2’,6’’-tetrafluoro-benzodithiophene trimer (7-h): 4-h (0.22 g,
0.0002 mol, 1 eq), 6-tri(methyl)stannyl-2-fluorobenzodithiophene (0.18 g, 0.0005 mol
2.5 eq), Pd2dba3 (0.009 g, 1 x 10-5 mol, 0.05 eq), AsPh3 (0.012 g, 4 x 10-5 mol, 0.2 eq)
were reacted via the standard procedure. Reaction was further purified via column
chromatography (DCM) then recrystallized from 10:1 hexanes:toluene to afford the final
compound as small orange crystals (0.13 g, 51%). 1H NMR (400 MHz; CD2Cl2/CS2):
8.08 (s, 2H), 8.06 (s, 2H), 7.65 (s, 2H), 6.76 (d, J = 2.2 Hz, 2H), 1.66-1.58 (m, 12H),
1.53-1.40 (m, 37H), 1.00-0.95 (m, 18H), 0.89-0.85 (m, 13H). δ

13C

NMR (101 MHz;

CD2Cl2/CS2): δ 167.0, 164.1, 148.9, 146.2, 138.7, 138.6, 137.9, 137.9, 137.3, 137.3,
134.9, 134.8, 132.7, 132.6, 130.9, 128.2, 128.0, 122.6, 122.6, 119.4, 119.3, 117.9, 116.9,
116.8, 110.9, 108.8, 103.2, 103.1, 99.3, 34.1, 32.6, 24.9, 23.7, 15.1, 14.1. 19F NMR (376
MHz; CD2Cl2/CS2): δ -119.31 (s, 2F), -122.21 (s, 2F).
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Chapter 3 - Acene Derivatives for Hybrid Organic/Inorganic Materials
3.1 – Introduction:
As stated in the introduction, the marriage of traditionally inorganic materials
with organics, while an old area of research,[1] has been reenergized by Snaith’s
demonstration of methyl ammonium lead halide (MAPbX) perovskites with extremely
high photovoltaic efficiency.[2] These MAPbX materials fall into the class of 3D hybrid
organic inorganic perovskites (HOIPs). 2D HOIPs, which have alternating inorganic and
organic layers, can be made as well,[3] usually with an aliphatic ammonium or
diammonium cation, which acts as a templating group.[4]
The acene series, while widely studied in the organic materials field, has only
been casually investigated for 2D HOIPs. A few reports have emerged of ammoniumsubstituted acenes forming 2D perovskite structures, demonstrating that they can affect
the emission properties of the overall material[5] and showing exciton transfer from the
inorganic layer to the organic layer.[6] These materials have been limited mostly to
naphthalene, with even fewer reports using anthracene derivatives.[7, 8]
Using aromatic molecules as ligands for quantum dots (QDs) is a more developed
field,[9] with both electron transfer[10] and exciton transfer[11] between the quantum dot
and ligand having been established in the literature. These results demonstrate an
interesting proof of concept, justifying the design and synthesis of new organic molecules
that can act as ligands and participate in photophysical processes. However as the surface
chemistry of QDs is so important, the exact ligand and anchoring group is integral to the
efficiency of this process.[9]
This chapter focuses on the development of synthetic methods to make anthracene
and tetracene derivitives that can be used in conjunction with quantum dots - as ligands or as ammonium cations to form 2D HOIPs. Initial results and avenues for improvement
for the next generation of materials are discussed.

3.2 – Synthesis of Tetracene Ligands for PbS Quantum Dots:
Acene carboxylates have demonstrated their usefulness as QD ligands, showing
exciton transfer in both directions.[11,

12]

However, the synthesis to make the acene

carboxylic acid is challenging, requiring a Pd catalyzed coupling of carbon monoxide to
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make an aldehyde, then an oxidation to the acid using a 10 fold molar excess of Ag2O
(Figure 3.1).[13]
O
I

O

Si(iPr)3

1) nBuLi
Si(iPr)3
2) SnCl2,
10% H2SO4

Si(iPr)3

I

Si(iPr)3
O

CO(g), Pd(PPh3)4,
Bu3SnH
Toluene, 50°C
85%

Hexanes/THF
60% (over 2 steps)

O

10 eq. Ag2O
NaOH

H

OH

THF/EtOH
86%

Si(iPr)3

Si(iPr)3

Si(iPr)3

Figure 3.1: Literature synthesis of acene carboxylates (from ref. 13).

Instead, a new synthesis was developed empolying a metal-halogen exchange on
an un-aromatized precursor. After addition of the lithiated alkyne, the dialkoxide
generated is quenched with methyl iodide affording the protected intermediate, 1, without
the addition of extra synthetic steps in a very scalable manner (Figure 3.2). We have
applied a similar strategy to allow for the separation of ADT isomers. [14]
(iPr)3Si

(iPr)3Si
O
I

LiMHDS
Si(iPr)3

O

O
I

CH3I

THF, 0°C

80%
O

O

O

I

Si(iPr)3

Si(iPr)3

Figure 3.2: Synthesis of 1.

By protecting these oxygen atoms as methyl ethers, metal halogen exchange can
be undertaken at the iodide without interference from acidic protons. Multiple reagents
were screened for their ability to do the metal halogen exchange, including n-butyl
lithium, s-butyl lithium, and iso-propyl MgClLiCl (turbo Grignard),[15] however (nbutyl)2 iso-propyl MgLi,[16] was determined to be the most efficient, giving the best yields
and highest purities at -78°C in THF. Bubbling CO2 gas through the reaction mixture
gives the carboxylated tetracene precursor, 2. Deoxygenation with SnCl2 and HCl
achieved the synthesis of 3 at the gram scale.
The synthesis is quite modular, the aldehyde, 5, and thiol, 9, can both be made
relatively simply from 1. 5 was made analogously to 3, by quenching with DMF. This
was further reacted with cyanoacetic acid to afford 6. The thiol, 9, was made via
Sonogashira coupling at the iodide with a protected thiol followed by deprotection of the
acetyl group with DIBAL-H (Figure 3.3).
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Si(iPr)3

Si(iPr)3
O

O

(nBu)2iPrLiMg
THF, -78°C

(iPr)3Si

Si(iPr)3

Si(iPr)3

I

O

O

(nBu)2iPrLiMg
DMF

SnCl2
10% HCl(aq)

(iPr)3Si

(iPr)3Si

Cyanoacetic Acid
Piperidine

Si(iPr)3

O

Si(iPr)3

Si(iPr)3

Si(iPr)3

O

7

SH

DiBAL-H

MeOH/Acetone
35°C

(iPr)3Si

Si(iPr)3

S

SnCl2
10% HCl(aq)

DMF

6

O
S

O

OH
CN

MeCN/CHCl3
85°C
52%

5

O

S
PdCl2(PPh3)2, CuI
NEt3

O
H

MeOH/Acetone
35°C
85%

4

O

1

Si(iPr)3
O

H

THF, -78°C
O

3
Si(iPr)3

Si(iPr)3
O

OH

MeOH/Acetone
35°C
78% (2 Steps)

2

O

O

SnCl2
10% HCl(aq)

OH

CO2

8

Ether/Hexanes
-78°C
47% (3 Steps)

Si(iPr)3

9
Si(iPr)3

Figure 3.3: Synthesis of tetracene ligands 3, 6, and 9 from un-aromatized and protected precursor, 1.

3.3 – Photophysical Studies of PbS Quantum Dots with Tetracene Ligands:

Figure 3.4: Schematic showing the mechanism of ligand excitation, singlet fission, triplet transfer
and photoemission from the PbS-3 QDs. Photoluminescence spectrum showing the difference in
PLQE between exciting PbS-3 QDs at 785 nm and 532 nm (bottom left, reproduced with permission
from reference 12, copyright 2018 American Chemical Society).

The materials were sent to the Rao group at Cambridge University, where they
synthesized PbS QDs, and the native oleic acid ligands were replaced with 3 to make
PbS-3 QDs. The Rao group then investigated PbS-3 QDs for their ability to do ligand-
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based singlet fission, followed by triplet transfer to the quantum dot. They irradiated the
PbS-3 QDs at 785 nm, thereby selectively exciting the PbS QD, which yielded a
photoluminescence quantum efficiency (PLQE) of 9%. However, when irradiating the
PbS-3 QDs at 532 nm, exciting the ligand, the PLQE nearly doubled to 17%. This
increase in the PLQE can be attributed to singlet fission occurring on the ligands,
followed by sequential triplet transfer to, and emission from, the QD.[12] This process is
shown schematically in Figure 3.4.
While this demonstrates a promising result, it is important to note that the QD
surface coverage with 3 is poor, on the order of three times less than that with the native
oleic acid ligands.[12] This leaves the surface of the QD poorly passivated lowering the
maximum achievable PLQE. Increasing the surface coverage is the motivating factor
behind the synthesis of new ligands with different anchoring groups. Only QDs with 3
ligands have been studied so far, and it will be interesting to see how changing the
anchoring group will affect the properties. Aromatic thiols, in general, are well-studied
ligands for QDs[17] and cyanoacrylic acids have found broad use as the acceptor and
surface binding group for organic dyes in dye-sensitized solar cells.[18]
3.4 – Synthesis of Diammonium Anthracene and Tetracene Derivatives:
NH3

NH2

A

HO

57% HI(aq)

LiMHDS

THF:Et2O
40%
(over two steps)

THF, 0°C
OH

O

10
I
H 3N

H 2N

NH2

C

B

I
NH2

O

NH3
I

D

NH2

O

HO
57% HI(aq)

LiMHDS
THF, 0°C
OH

O

THF
21%
(over two steps)

11
I
H3N

H2N

Figure 3.5: A) Synthesis of 10. B) Absorbance and photoluminescence spectrum of 10. C)
Synthesis of 11. D) Absorbance and photoluminescence spectrum of 11 from Xinyu Bai
(Credgington Group, Cambridge University)
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Addition of lithiated propargyl amine to the respective quinone followed by
deoxygenation of the diol species with HI[19] is a facile way to generate ammoniumsubstituted acenes, and works to make both the anthracene, 10, and tetracene, 11. By
using HI to do the deoxygenation, instead of the standard SnCl2/HCl deoxygenation
conditions, the aromatization and generation of the iodide salt is done in one step (Figure
3.5A, C). Figure 3.5 B and D show the absorption and photoluminescence spectra of 10
and 11, which are what is expected for an ethynyl substituted anthracene and tetracene.[20]
3.5 – Initial Perovskite Formation Studies:
10 was investigated by the Credgington Group at Cambridge University for its
ability to form 2D perovskites. They fabricated thin films of PbI2 and 10 via spin casting
from DMF onto a quartz substrate. XRD of the films revealed a new phase was formed
(Figure 3.6A, B), which is different from both PbI2 and 10. The films exhibit a broad
photoluminescence with maximum emission at 528 nm, around what would be expected
for a 2D layer of lead iodide (Figure 3.6C).[8] XRD of the combined precursors reveals
new low angle peaks and a calculated d-spacing of 16.89 Å. All of the data suggest a 2D
phase is obtained between 10 and PbI2.

Figure 3.6: A) XRD of PbI2, 10, and the mixture of the two demonstrating a new phase is formed. B)
Expanded XRD of the film formed from PbI2/10. C) Photoluminescence and absorbance of the PbI2/10
film . (From Xinyu Bai, Credgington Group, Cambridge University)

3.6 – Conclusions:
The use of acenes in concert with inorganics would benefit from robust synthetic
methods that allow for rapid synthesis and screening of derivitives. By using simple to
synthesize precursors, here we employed quinones and un-aromatized intermediates, two
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different classes of materials, ammonium substituted acenes and acene based quantum
dot ligands, are able to be rapidly synthesized. The devised syntheses are simple and
modular allowing for the ready synthesis and screening of derivatives.
Initial results of the QD ligands unambiguously demonstrate ligand-based singlet
fission and triplet exciton transfer to the QD.[12] Continuing work will focus on new
derivitives that give increased ligand coverage, ideally leading to increased PLQE. Initial
results on the ammonium acenes indicate a 2D phase has been formed between PbI2 and
10, though more work will need to be done to confirm this result.
3.7 – Experimental:
All solvents were purchased in bulk from VWR. Anhydrous THF was purchased from
Sigma Aldrich. All other chemicals were purchased from commercial sources and used as
received unless otherwise noted. Iodotetracene quinone[13] and 3-butyne-1-thioacetate[21]
were prepared via a literature procedures. LiMg(n-butyl)2(isopropyl) was prepared
according to the method of Struc and Sosnicki.[22] NMR spectra were measured on a 400
MHz Varian Unity spectrometer. Chemical shifts of each spectrum are reported in ppm
and referenced to their corresponding deuterated solvents as listed. GC-MS was measured
using a Bruker Scion-SQ GC-MS with an EI source. QD syntheses and photophysical
studies studies were undertaken by the Rao group at Cambridge University. Ammonium
acene/perovskite studies were done by the Credgington group at Cambridge University.
Si(iPr)3

Si(iPr)3

O

O
I

I

O
(iPr)3Si

O
(iPr)3Si

1: A flame dried 500 mL round-bottomed flask was charged with anhydrous THF (40
mL) and tri(isopropyl)silylacetylene (4.5 mL, 0.02 mol, 4 eq) under nitrogen and was
cooled to 0°C in an ice water bath. LiHMDS (1.0 M in THF, 20 mL, 0.02 mol, 4 eq) was
added dropwise and the reaction mixture was stirred for 1 hour, then 10-iodotetracene
quinone was added (2 g, 0.005 mol, 1 eq) and the reaction mixture was stirred overnight.
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The next day MeI (3.1 mL, 0.05 mol, 10 eq) was added and the reaction was monitored
by TLC. After the reaction was complete (~6 hours) water was added and the mixture
was extracted with ether, dried with MgSO4, and evaporated to a viscous oil. The oil was
dissolved in a small amount of ether and a large excess of MeOH was added and was
sonicated until a white solid appeared. The solid was filtered off, then re-dissolved in
DCM, dried with MgSO4 then rotovaped down to a white solid which was a mixture of
diastereomers (~90:10 via NMR integration) (3.1 g, 80%). 1H NMR (400 MHz; Acetoned6): δ 8.55 (s, 1H), 8.48 (d, J = 2.6 Hz, 2H), 8.06-8.02 (m, 2H), 7.86-7.84 (m, 2H), 7.577.55 (m, 2H), 2.90 (s, 3H), 2.89 (s, 3H), 1.08-1.04 (m, 42H).

13

C NMR (101 MHz;

Acetone-d6): δ 137.6, 137.1, 136.8, 136.3, 135.9, 135.6, 135.6, 132.7, 130.7, 129.8, 129.7,
129.0, 128.9, 128.7, 127.4, 109.6, 109.3, 93.2, 89.5, 89.1, 74.5, 74.3, 51.8, 19.0, 12.0.
Si(iPr)3
O
OH

Si(iPr)3

3: 1 (1.5 g, 0.0019 mol, 1 eq) was dissolved in anhydrous THF (15 mL) in a flame dried
500 mL round-bottomed flask and was cooled to -78° C. After allowing to cool for ~15
minutes, (iPr)2nBuLiMg (0.15 M in THF, 13.9 mL, 0.0021 mol, 1.1 eq), was added
dropwise, and the metal halogen exchange was monitored by TLC (10:1
hexanes:EtOAc). After completion CO2(g) was bubbled through the solution. The reaction
mixture was allowed to warm to room temperature, then was quenched with ~5% HCl
and extracted with ether. The organic layer was dried with MgSO4, and solvent removed.
The compound was dissolved in DCM and poured through a silica gel plug. The plug was
eluted with DCM to remove non-polar impurities and the product was collected with 10:1
DCM:EtOAC. Solvent was removed from the pure fractions leaving behind a white solid.
The white solid was dissolved in a minimal amount acetone then MeOH was added, so
the solvent ratio was ~1:5. SnCl2 (2.5 g, 0.011 mol, 5.8 eq) dissolved in 10% HCl (3 mL)
was poured into the solution causing a color change and a precipitation of a red solid, the
reaction mixture was heated to 35°C and stirred for 3 hours. After cooling to RT, the red
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solid was filtered off and washed with cold MeOH. The red solid was dissolved in DCM
and poured through a short plug, eluting with DCM, then collecting the product with 10%
EtOAC in DCM. Solvent was removed from the pure fractions and the red crystalline
solid was recrystallized from a mixture of hexanes and toluene (0.94 g, 78%). 1H NMR
(400 MHz; CDCl3): δ 9.49 (s, 1H), 9.36 (s, 1H), 8.93 (s, 1H), 8.67-8.64 (m, 2H), 8.09 (d,
J = 9.1 Hz, 1H), 8.04 (dd, J = 9.0, 1.3 Hz, 1H), 7.59 (m, 2H), 1.40-1.32 (m, 42H).
NMR (101 MHz; CDCl3) δ

13

C

171.7, 134.4, 133.5, 133.1, 133.0, 131.7, 130.8, 130.7,

129.7, 129.3, 127.7, 127.6, 127.5, 127.2, 126.7, 126.6, 124.5, 119.5, 118.9, 107.0, 106.6,
103.7, 103.6, 19.1, 11.7.
Si(iPr)3
O
H

Si(iPr)3

6: Synthesized analogously to 3, using 1 (0.4 g, 0.00051 mol, 1 eq), (iPr)2nBuLiMg (0.15
M in THF, 3.8 mL, 0.00056 mol, 1.1 eq), and quenching with DMF (0.2 mL, 0.0025 mol,
5 eq). The reaction mixture was quenched with water, extracted into ether, the organic
layer was dried with MgSO4, filtered, and the solvent was removed. The residue was
dissolved in DCM and poured through a SiO2 plug eluting with DCM first, then
recovering the product using 10% EtOAc in DCM. Solvent was removed from the pure
fractions and the resulting oil was dissolved in in a minimal amount acetone then MeOH
was added. SnCl2 (0.6 g, 0.0026 mol, 5. 3eq) dissolved in 10% HCl (1 mL) was poured
into the solution causing a color change and a precipitation of a red solid, the reaction
mixture was heated to 35°C and stirred for 3 hours. After cooling to RT, the red solid was
filtered off and washed with cold MeOH. The red solid was dissolved in DCM and
poured through a short plug, eluting with DCM, then collecting the product with 10%
EtOAC in DCM. Solvent was removed from the pure fractions and the red crystalline
solid was recrystallized from hexanes (0.26 g, 85%). 1H NMR (400 MHz; Acetone-d6): δ
10.25 (s, 1H), 9.60 (s, 1H), 9.42 (s, 1H), 8.76 (s, 1H), 8.74-8.70 (m, 2H), 8.19 (d, J = 8.9
Hz, 1H), 7.92 (dd, J = 8.8, 1.2 Hz, 1H), 7.78-7.73 (m, 2H), 1.39-1.28 (m, 43H). 13C NMR
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(101 MHz; Acetone-d6): δ 192.6, 138.3, 136.0, 134.3, 134.1, 133.7, 132.3, 132.1, 131.3,
130.6, 130.1, 129.0, 128.8, 128.1, 128.0, 127.4, 122.5, 120.0, 108.0, 107.7, 104.1, 104.1,
19.3, 19.3, 12.3.
Si(iPr)3
O
OH
CN

Si(iPr)3

7: 5 (0.14 g, 0.00023 mol, 1 eq) was dissolved in MeCN (5 mL) and CHCl3 (2 mL)
followed by the addition of cyanoacetic acid (0.03 g, 0.00035 mol, 1.5 eq) and 5 drops of
piperdine. The reaction mixture was heated to 85°C overnight. After cooling to RT the
solution was poured into water, extracted with ether, dried with MgSO4, filtered and the
solvent was removed. A silica plug was run with 1:1 DCM:THF, followed by 100% THF,
and the product was collected with 2:1 THF:EtOH. The solvent was removed from the
pure fractions, leaving behind an oily solid, which was dissolved in a minimum of DCM,
followed by precipitation with methanol. The dark red solid was collected, then
recrystallized from hexane (0.082 g, 52%).
Si(iPr)3

SH

Si(iPr)3

9: Anhydrous DMF (5 mL) was degassed with nitrogen for ~10 minutes, followed by the
addition of 1 (0.30 g, 0.00038 mol, 1 eq), 3-butyne-1-thioacetate (0.01 g, 0.00077 mol, 2
eq), PdCl2(PPh3)2 (0.027 g, 3.8 x 10-5 mol, 0.1 eq), CuI (0.022 g, 3.8 x 10-5 mol, 0.3 eq)
and triethylamine (0.2 mL, 0.00152 mol, 4 eq). After completion of the amine addition
the reaction mixture turned dark, and was stirred at RT overnight. The reaction mixture
was poured into ice water, extracted with ether, dried with MgSO4, filtered, and the
solvent was removed. The resulting oil was dissolved in hexanes, and poured through a
SiO2 plug eluting with DCM. Solvent was removed from the pure fractions and the
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resulting oil was dissolved in in a minimal amount acetone then MeOH was added. SnCl2
(0.5 g, 0.002 mol, 5.8 eq) dissolved in 10% H2SO4 (1 mL) was poured into the solution
causing it to turn bright red. The reaction mixture was stirred for 30 minutes, then water
was added and was extracted with ether, dried with MgSO4, filtered, and the solvent was
removed, and purified by chromatography (10:1 hexanes:DCM to 3:1 hexanes:DCM).
The solvent was removed from the pure fractions leaving behind a red oil (0.2 g, crude).
The red oil was dissolved in a 1:1 mixture of hexane and diethyl ether and cooled to -78°
C then DiBAL-H (1.0 M in hexane, 0.55 mL, 0.00055 mol, 2 eq) was added dropwise.
After stirring for 15 minutes, the reaction mixture was allowed to warm to RT, and was
quenched with dilute HCl, extracted with ether, dried MgSO4, filtered and rotovaped to a
red oil, which was purified by chromatography (5% ethyl acetate in hexanes), giving the
final compound after removal of solvent as a red powder (0.120 g, 47%). This was
recrystallized from a minimum amount of acetone to give small red crystals. 1H NMR
(400 MHz; CDCl3): δ 9.25 (s, 1H), 9.22 (s, 1H), 8.62 (ddd, J = 6.2, 3.3, 1.6 Hz, 2H), 8.08
(s, 1H), 7.93 (d, J = 8.9 Hz, 1H), 7.55 (dd, J = 6.8, 3.2 Hz, 2H), 7.40 (dd, J = 8.8, 1.2 Hz,
1H), 2.86 (s, 4H), 1.86-1.82 (m, 1H), 1.35-1.30 (m, 52H). 13C NMR (101 MHz; CDCl3):
δ 133.0, 132.9, 132.1, 131.6, 131.1, 130.8, 128.8, 128.5, 127.5, 127.0, 126.4, 126.3,
120.9, 118.9, 118.8, 106.3, 106.2, 103.9, 89.4, 83.1, 25.2, 24.1, 19.1, 19.1, 11.7.

NH3
I

I
H 3N

10: A flame dried 100 mL round bottomed flask under nitrogen was charged with THF
(22 mL) and propargyl amine (0.77 mL, 0.012 mol, 2.5 eq) and cooled to 0°C in an ice
water bath. LIHMDS (1.0 M, 12 mL, 0.012 mol, 2.5 eq) was added dropwise forming a
white precipitate, and the reaction mixture was stirred for ~45 minutes. Anthraquinone (1
g, 0.0048 mol, 1 eq) was added in one portion and the suspension was stirred overnight.
The reaction mixture was quenched with a few drops of ethanol, then was poured into a
large excess rapidly stirring hexanes. The white solid was filtered off and dried under
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vacuum. The solid was suspended in 3:1 THF:ether and HI (57% w/w in water, 2.7 mL,
0.021 mol, 3.2 eq) was added, the reaction mixture initially cleared then a yellow solid
precipitated. After stirring for ~1 hour the reaction mixture was poured into ether, and the
yellow solid was filtered off. The solid was redissolved in a minimum of DMF, and while
stirring, ether was added affording small yellow crystals, which NMR revealed to be a
1:2 complex with DMF. 1H NMR (400 MHz; DMSO-d6): δ 8.62 (dd, J = 6.7, 3.3 Hz,
4H), 8.47 (s, br, 5H), 7.78 (dd, J = 6.7, 3.2 Hz, 4H), 4.38 (s, 4H). 13C NMR (101 MHz;
DMSO-d6) δ 131.5, 127.8, 126.7, 117.0, 95.9, 81.6, 29.9.

NH3
I

I
H 3N

11: A flame dried 100 mL round bottomed flask cooled under nitrogen was charged with
THF (10 mL) and propargyl amine (0.45 mL, 0.007 mol, 3.2 eq) and cooled to 0°C in an
ice water bath. LiHMDS (1.0 M in THF, 7 mL, 0.007 mol, 3.2 eq) was added dropwise
forming a white precipitate, and the reaction mixture was stirred for ~45 minutes.
Tetracene quinone (0.58 g, 0.0022 mol, 1 eq) was added in one portion and the
suspension was stirred overnight. The reaction mixture was quenched with a few drops of
ethanol, and then was poured into a large excess of rapidly stirring hexanes. The
greenish-white solid was filtered off and dried under vacuum. The solid was suspended in
THF (100 mL) and HI (57% w/w in water, 1.25 mL, 0.0095 mol, 5.25 eq) was added, the
reaction mixture initially cleared followed by the precipitation of a red solid. After
stirring for ~30 minutes the suspension was poured into ether and the red solid was
filtered off. Trituration with acetonitrile afforded the final compound as a red powder
(0.28 g, 21%). 1H NMR (400 MHz; DMSO-d6): δ 9.33 (s, 2H), 8.64-8.62 (m, 2H), 8.54
(br, 5H), 8.23 (dd, J = 6.6, 3.3 Hz, 2H), 7.74-7.72 (m, 2H), 7.64 (dd, J = 6.7, 3.1 Hz, 2H),
4.48 (s, 4H). 13C NMR (101 MHz; DMSO-d6) δ 132.0, 131.7, 129.2, 128.1, 127.6, 127.0,
126.8, 125.5, 116.9, 96.8, 82.2, 30.0.
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Chapter 4: Solid State Photopolymerization of Heptacene [4+4] Photodimers
4.1 – Introduction:
In general, charge is passed through an organic semiconductor by the hopping of a
charge carrier from one electronically coupled molecule to another.[1] This process,
however, is hindered by molecular vibrations, which lead to a disruption of the electronic
coupling.[2] As such, a system where the molecules are held together by covalent bonds,
much like in inorganic semiconductors, could allow for much higher rate of charge
transfer throughout the solid.
A computational analysis, undertaken by Dr. Karl Thorley, of an acene “butterfly
dimer” as typically produced by a [4+4] cycloaddition revealed that a high degree of
electronic coupling exists between the wings of the dimer (Figure 4.1). As a reference,
Takamiya’s high performing BTBT derivitives only show electronic coupling between
adjacent molecules in the crystal around 40 to 90 meV.[3] Inspired by the work of King,
who used the [4+4] cycloaddition between the anthracene chromophores of a triptycene
derivative to produce two-dimensional single-crystal to single-crystal polymerization[4],
we decided to investigate the further photoreactions of the acene [4+4] dimers in the solid
state, and the impact of this polymerization on charge transport. This charge transport
would still theoretically occur via hopping, but hopping from one wing to another all the
way down the chain of covalently linked molecules.

Figure 4.1: Calculated electronic
coupling between the wings of a
pentacene [4+4] dimer. Provided by
Dr. Karl Thorley

Figure 4.2: Theoretical photodimer of a photodimer of
heptacene. It can be imagined that this process can occur on
each of the longer tetracene wings to form an infinite
polymer. Provided by Dr. Karl Thorley.

The use of an organic single crystal to template a photoreaction is a well
documented phenomenon, often times leading to different isomer mixtures than are
obtained via the same photoreaction in solution, as the reaction will depend on the
orientation of the molecule in the crystal.[5] This becomes an important consideration for
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the alkyne substituted acenes, as a [4+2] reaction could theoretically occur between the
alkyne and the acene backbone, leading to a mixed polymer containing both alkynebackbone and backbone-backbone linkages. As such using the single crystal as a template
for the photoreaction should lead to a single isomer [4+4] photopolymer. This
topochemical type polymerization is well developed in the literature to make
polydiacetylenes,[6] and the criterion, which is needed for this solid state polymerization
to occur, is well documented.[7] By carefully tuning the structure and polymerization
conditions single crystal to single crystal polymerizations can occur[8], in some cases
leading to very impressive, and otherwise unattainable, structures like nanotubes.[9]
.2 – Synthesis of Heptacene [4+4] Photodimers:
SiR3
O

HO

R 3Si
nBuLi

SnCl 2
10% HCl

THF
0º C

O

SiR3

THF

OH

3

SiR3

SiR3
4a: 61%
4b: 43%
4c: 28%
4d: 42%

633 nm LED

H 3C(H 2C)6

R 3Si

Si

Si

Si

Si

a

b

c

d

SiR 3

R 3Si

4
SiR 3

Figure 4.3: Synthesis of heptacene [4+4] dimers 4a-d.

Heptacene [4+4] dimers 4a-d were readily synthesized starting from the
heptacene

quinone

(Figure

4.3).

The

addition

of

the

appropriate

lithiated

tri(alkyl)silylacetylene afforded the diol. The heptacene [4+4] dimer was synthesized in a
one pot reaction by dissolving heptacene diol in THF and purging the solution with N2(g)
prior to the addition of the SnCl2/10% HCl(aq) solution, the reaction mixture was covered
to exclude ambient light, and was illuminated with a 633 nm red LED. This ensured that
the heptacene [4+4] dimer did not undergo any further photoreactions, as the wavelength
of the red LED was longer than that necessary to excite the [4+4] dimer, which shows a
highest wavelength absorption at ~575 nm (Figure 4.7) where as an ethynyl substituted
heptacene exhibits at least some degree of absorption out to ~850 nm.[10]
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.3 – Crystal Engineering to chieve eptacene

o odimer hotopolymerization:

Figure 4.4: Side view of the crystal packing of 4a exhibiting
the “porous-sheet” structure. The solvent molecules (pink), in
this case chlorobenzene, can be seen occupying the pores of
the crystal structure. Hydrogens and some alkyl groups have
been omitted for clarity.

Figure 4.5: View of 4c looking
down the a-axis. Both 4c and 4d
adopt this overall packing, no
solvent is present in the crystal.
Hydrogens and alkyl groups have
been omitted for clarity.

3.948 Å

Si

Si

3.743 Å

H 3C(H 2C)6
Si

Si

4.071 Å

4.072 Å

Figure 4.6: Effect of tri(alkyl)silyl acetylene on crystal packing of heptacene [4+4] dimers (4a-d). The
atoms relevant for photopolymerization are highlighted in blue. The structure of the respective
tri(alkyl)silly acetylene and the distance between blue atoms is listed on the right. Solvent molecules,
hydrogens, and alkyl groups have been removed for clarity.
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Attempts to bring the reactive wings of the [4+4] dimer in a position to react with
one another in the solid state by a subsequent photodimerization were undertaken by
changing the size of the tri(alkyl)silylacetylene group as well as by modifying the
solvent(s) used for recrystallization. Intermolecular [4+4] photodimerizations have been
demonstrated in the solid state when the reactive positions are less than 4 Å away from
each other[11]; as such, we use this as the distance we wish to achieve via crystal
engineering.
The heptacene dimer crystals adopted one of two crystal structures depending on
the tri(alkyl)silylacetylene. 4a and 4b both adopted the “porous-sheet” structure where
large cavities in the crystal are filled with solvent molecules. 4c and 4d adopt a different
structure with no solvent incorporated. The two different crystal structures are shown in
Figures 4.4 and 4.5.
The tetracene wings of the heptacene dimer overlap in the solid state at a close
enough distance to permit photopolymerization. 4a exhibits a distance between the atoms
of interest (highlighted in blue in Figure 4.6) at 3.948 Å and 4b at 3.743 Å. 4c and 4d,
which adopted the solvent free crystal structure, exhibited slightly larger distances
between the relevant atoms, 4.071 Å and 4.072 Å, respectively. Experiment later proved
that this was still close enough to allow for solid-state photopolymerization.

.4 – Solid-State Photopolymerization:
Single crystals of the heptacene [4+4] dimers were exposed to 455 nm LED light
under an N2 atmosphere at room temperature. The crystals could be seen turning from a
dark red to pale yellow over time, indicating a bleaching of the tetracene chromophore.
However, this color change was also accompanied by significant cracking and
fragmenting of the crystals. The use of a supporting solvent, in which the molecule was
not soluble, did not seem to alleviate this cracking
The product obtained after prolonged illumination of crystals of 4a is reasonably
soluble in chlorinated organic solvents and its optical properties can be measured. Figure
4.7 shows the UV/Vis of the thin film absorption properties of a fresh sample of 4a
overlapped with 4a single crystals that had been photopolymerized, dissolved in CHCl3,
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and then cast as a thin film. Clearly the loss of the longer wavelength absorptions can be
seen, indicating that, indeed, the tetracene chromophores are gone.

Figure 4.7: Comparison of the absorption characteristics of a thin film of 4a (red) and single crystal
photopolymerized 4a (blue). 4a was dissolved in chloroform and then drop cast onto a glass slide (red
line). A batch of 4a single crystals were irradiated with 455 nm light for ~6 hours under a N2
atmosphere. The resulting product was dissolved in in chloroform and drop cast on a glass slide. The
absence of absorptions from 400-550 nm indicates the loss of the tetracene chromophores (blue line).

Figure 4.8: GIXD of 4a before and after UV exposure. Loss of long-range order is
observed after a film of 4a is exposed to UV light. Data acquired by Geoffrey Purdum (Loo
Group Princeton University).
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Geoffrey Purdum of the Loo group at Princeton University also measured the
GIXD of a thin film of 4a before and after UV exposure (Figure 4.8). Clearly, before UV
exposure 4a forms a highly crystalline film. After UV exposure however, all of the longrange order is lost.
The crystal drying out and losing solvent could cause the crystal to crack, leading
to the disruption of the long-range order, which presents an interesting possibility for 4c
and 4d, since they do not incorporate solvent in their crystals. 4d photopolymerizes very
slowly and seemingly only on the surface of the crystal. 4c photopolymerizes well,
however, after photopolymerization, the product seemingly “melts”, and then resolidifies, leaving behind a film.
.5 – Conclusions:
Derivatives of heptacene [4+4] dimers have been synthesized and their crystal
structures analyzed and tuned. The heptacene [4+4] dimers adopt a structure where the
tetracene wings overlap with one another in the crystal and meet the requirements for
further photoreactions in the solid state.
Clearly, from the absorption characteristics, further photoreactions do occur with
the heptacene [4+4] dimer in the solid state, likely templated by the single crystal, as
great care was taken to exclude oxygen or other possible bleaching agents. However
single-crystal type characterization, like that obtained by King[4] has proven elusive, and
the X-ray diffraction data obtained indicates no long range order exists after prolonged
exposure to light. There is a possibility that temperature modification, wavelength of light
source, and/or the use of the proper supporting solvent could lead to a single-crystal to
single-crystal type polymerization.
.6 – Experimental:
All solvents were purchased in bulk from VWR. Anhydrous THF was purchased
from Sigma Aldrich. All other chemicals were purchased from commercial sources and
used as received unless otherwise noted. Heptacene quinone was synthesized according
to a literature procedure.[10] NMR spectra were measured on a 400 MHz Varian Unity
spectrometer. Chemical shifts of each spectrum are reported in ppm and referenced to
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their corresponding deuterated solvents as listed. GC-MS was measured using a Bruker
Scion-SQ GC-MS with an EI source.
General Procedure for the Synthesis of 4:
A flame dried N2 purged round bottom flask was charged with THF (anhydrous) to make
a 0.12 M solution (relative to quinone) to which, the appropriate tri(alkyl)silylacetylene
(4 eq) was added and the reaction mixture was cooled to 0°C. To this was added nbutyllithium (2.5 M in hexane, 3.6 eq) dropwise, the solution was stirred for 1 hr, then
heptacene quinone, 3, (1 eq) was added and the reaction was stirred over night. The
reaction was quenched with deionized water, extracted with diethyl ether, dried with
MgSO4, filtered, and the solvent was removed by rotary evaporator. The resulting brown
oily solid was purified by column chromatography (100% hexanes to remove the excess
acetylene, 4:1 hexanes:ethyl acetate to elute the product) to obtain the intermediate diols
as off white solids. The diol was dissolved in THF and then was purged with N2 for 1
min/mL before adding 5 eq of SnCl2·2H2O which was dissolved in a minimum of 10%
HCl(aq). Addition of the SnCl2 solution yielded a dark suspension, which was diluted with
anhydrous THF to redissolve any precipitates. The solution was covered from ambient
light and illuminated with a 633 nm red LED overnight, resulting in an orange
suspension, which was filtered off, and washed with methanol. The dark orange solid was
then further purified by flashing through a silica plug using 4:1 hexanes:DCM. Removal
of solvent yielded a bright orange solid, which was then recrystallized.
Modification of the General Procedure for the synthesis of 4c and 4d:
Due to the much higher solubility of 4c and 4d, the [4+4] dimer did not precipitate from
solution. As such, the reaction was worked up by the addition of water to the reaction
mixture and then extraction with DCM, drying with MgSO4, filtering, then removal of
solvent, to give a dark orange solid that was further purified by flashing through a silica
plug using 4:1 hexanes:DCM. Removal of solvent yielded a bright orange solid, which
was then recrystallized.
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4a: 0.51 g (61%) crystals were grown from toluene, large red blocks. 1H NMR (400
MHz, CDCl3): 8.91 (s, 4H), 8.48 (s, 4H) 7.94 (dd, J = 6.5 Hz, J = 3.1 Hz, 4H), 7.64 (s,
4H), 7.48 (dd, J = 6.1 Hz, J = 3.2 Hz, 4H), 7.35 (dd, J = 6.6 Hz, 3.10 Hz, 4H), 7.10 (dd, J
= 6.3 Hz, 3.1 Hz, 4H), 5.98 (s, 4H), 1.42 (t, J = 7.9 Hz, 36H), 1.08 (q, J = 7.9 Hz, 24 H)
4b: 0.28 g (43%) crystals were grown via vapor diffusion of pentane into DCM, large red
blocks. 1H NMR (400 MHz, CDCl3): δ 8.96 (s, 4H), 8.48 (s, 4H) 7.93 (dd, J = 6.5 Hz, J =
3.1 Hz, 4H), 7.60 (s, 4H), 7.47 (dd, J = 6.1 Hz, J = 3.3 Hz, 4H), 7.36 (dd, J = 6.7 Hz, 3.0
Hz, 4H), 7.11 (dd, J = 6.3 Hz, 3.1 Hz, 4H), 5.96 (s, 4H), 2.29 (nonet, J = 6.4 Hz, 12H),
1.31 (m, 79H), 1.12 (d, J = 6.9 Hz, 26H).

13

C (100 MHz, CDCl3): δ 142.92, 138.51,

132.37, 131.59, 130.19, 129.38, 128.24, 126.25, 125.81, 124.45, 125.19, 125.10, 118.63,
105.29, 104.02, 51.42, 26.82, 26.80, 25.55, 25.44
4c: 0.15 g (23%) crystals were grown from n-heptane, small red blocks. NMR analysis
was complicated by presence of breakdown products.
4d: 0.34 g (42%) crystals were grown from n-heptane, long red blocks. 1H NMR (400
MHz, CDCl3): δ 8.92 (s, 4H), 8.49 (s, 4H) 7.91 (dd, J = 6.5 Hz, J = 3.2 Hz, 4H), 7.64 (s,
4H), 7.47 (dd, J = 6.1 Hz, J = 3.2 Hz, 4H), 7.35 (dd, J = 6.7 Hz, 3.1 Hz, 4H), 7.10 (dd, J =
6.2 Hz, 3.1 Hz, 4H), 5.96 (s, 4H), 1.83-1.75 (m, 25H), 1.70-1.61 (m, 27H), 1.11-1.07 (m,
64H). 13C (100 MHz, CDCl3): δ 142.39, 138.44, 132.40, 131.58, 130.16, 129.18, 128.17,
127.20, 126.33, 125.75, 125.30, 125.51, 125.16, 125.10, 118.56, 104.08, 103.19, 51.58,
26.79, 26.77, 26.71, 26.68, 26.62, 26.60, 14.15, 14.13, 14.11, 14.09, 13.64, 13.61, 13.48,
13.45, 13.41, 13.38, 13.34
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Chapter 5: Triarylmethane Dyes for Radiochromic Sensors
5.1 – Introduction:
Due to the extreme harm that can come to people who are exposed to gamma
radiation and the challenge in shielding it, the ability to rapidly detect life threatening
doses in the event of an emergency would help first responders assess if there is
significant threat present. A sensor that is trivial to use, cheap to manufacture, with a long
shelf life would allow first responders to be rapidly outfitted without having to wait for
more expensive and fragile equipment to arrive. By implementing a simple γ-selective
radiochromic dye, self or peer monitoring could be done instantaneously without the need
for complex equipment.
In order to develop a platform on which to base such a technology, our
collaborators at Savannah River National Laboratory (SRNL) conducted interviews with
first responders and those who are required to work with radiological material to
determine the key requirements for such a sensor. They determined that the material
should be shelf-stable for up to a year, stable for four or more hours in sunlight, change
color within one minute of exposure to γ-radiation, and show color change upon doses
that are below 1 rem, or at a rate of 17 mrem/min (see the last paragraph in this
introduction for a note on units). Radiochromic badges like this exist,[1, 2] but generally
only show dose responses on the order of a few rad, and in some cases do not
demonstrate exceptional color difference at low doses.

Figure 5.1: Structures of the leuco (colorless) and
colored forms of TAMs.

Triarylmethane (TAM) dyes in their leuco (colorless) form have well
demonstrated radiochromic behavior. The leuco forms of the dyes are converted to the
their colored forms through a formal oxidation (Figure 5.1) via a sensitizer. These
molecules have been most fully investigated for dosimeters for radiation therapy, though,
generally, these dosimeters only show significant radiochromic behavior at very high
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does of radiation (krad to Mrad).[3-5] These types of studies have generally focused on
commercially available derivatives, like leuco-malachite green and leuco-crystal violet (R
= H and N(CH3)2 in Figure 5.1, respectively) . Leuco-malachite green is the radiochromic
component in the well studied in PRESAGE© dosimeters,[6] which blend the leuco-TAM
with an activator in polyurethane.[7] Some derivitives have been synthesized and
evaluated exhibit higher sensitivity.[8,

9]

Due to the already demonstrated ability for

radiochromism for leuco-TAMs and their extremely simple synthesis,[10] we aimed to
make a series of derivitives and formulations that produce materials that are stable to
ambient conditions but show high sensitivity when exposed to γ-radiation.
The formulations here include an amount of a leuco-TAM, an activator, and a
supporting polymer. The choice of activator, which is generally a poly-halogenated
alkane, has been demonstrated to have a profound effect on the sensitivity of the
radiochromic oxidation.[11] While far from a comprehensive data set, a paper by
Grinstein, demonstrated that for a quinone-based chemical oxidation of leuco-TAMs to
their colored form, the identity of the leuco-TAM only modifies the rate by a factor of
~10, where as the identity of the oxidizing agent can cause a multiple order of magnitude
increase in the rate of oxidation.[12] Although they also show that the rate relationship of
oxidizing agent to leuco-TAM derivative is not straightforward.[12]
This chapter delves into the initially synthesized leuco-TAM derivatives and their
radiochromic performance in various formulations. In general the units in this chapter
will be in the cgs units of rad and roentgen equivalent man, or rem. Rad refers to the
absorbed radiation dose and rem refers to the “effective dose” and is a measure of the
health effect of ionizing radiation on the human body. For γ-rays, 1 rad is equal to 1 rem.
For reference, the SI equivalents of these units are the Gray (Gy) (100 rad) and sievert
(Sv) (100 rem) respectively.
5.2 – Synthesis of leuco-TAMs:
The leuco-TAMs were synthesized via a literature procedure.[10] Briefly, an aryl
aldehyde, p-toluene sulphonic acid monohydrate, and N,N-dimethylaniline were heated at
reflux in benzene, with the azeotropic removal of water driving the reaction to
completion (Figure 5.2). This gave TAMs 1-4 in good yields as colorless solids. No effort
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was made to optimize conditions, and in all cases the leuco-TAMs were synthesized on
the gram scale. Chlorinated solvents must be avoided during the work up and purification
because this led to a rapid color change, as the photooxidation of the TAM is sensitized
by halogenated alkanes, as covered in the introduction.

Figure 5.2: Synthesis of leuco-TAMs used in this study.

5.3 – Stability and Radiochromic Performance of lecuo-TAMs:
All radiation studies were done by our collaborators at SRNL. Initially, each
TAM derivative was added to a vial along with the polyurethane precursors followed by
the activator (in this case carbon tetrachloride), which were manually stirred. The
concentration of the TAM derivative was 10% w/w relative to polyurethane and the
concentration of CCl4 was 20% w/w relative to polyurethane. The samples were first
exposed to room light for four hours, with the derivatives 1,2, and 3 showing no
appreciable change. However, 4 shifted prematurely during formulation, and its
photostability was not evaluated. After 24 hours, the samples could be observed to be
turning a slight blue/green color (Figure 5.3).

Figure 5.3: Photostability of leuco-TAMs 1, 2, and 3 (10% w/w with
20% w/w CCl4 as an activator in PU) over 24 hours.

Fresh samples were exposed to Co-60 radiation. The progression of the color
change is shown in Figure 5.4. 1 can be observed to give the fastest rate of color change,
with observable color change at 30 seconds. 3 exhibited little color change until 10
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minutes. 2 and 4 started out slightly color shifted (which likely occurred during shipment
of the materials), implying the stability of the material is not high enough for the desired
application. However, both observed only slight color change over the irradiation time
frame. It is important to note that 1 minute of Co-60 exposure is equivalent to 2300 rad.

Figure 5.4: γ-chromic behavior of 1, 2, 3, and 4 (10% w/w with 20% w/w CCl4 as an activator in
PU) with a Co-60 radiation source over 10 minutes.

1 and 2 were also evaluated for their radiochromic performance with Am-241 and
Cs-137 sources, respectively (Figure 5.5). 1 showed a slight color change after 7.4 rem
exposure, whereas 2 showed a slight color change at 2.3 rem exposure, a dose which was
delivered over 186 hours. This color was more prominent after 4.02 rem. This result,
when put in to context with the color change achieved when using Co-60, qualitatively

73

demonstrates that the color changes in these materials show significant dose rate
dependence.

Figure 5.5: γ-chromic behavior of 1 (10% w/w with 20% w/w CCl4 as an activator in PU) with a
Am-241 source (left). γ-chromic behavior of 2 (10% w/w with 20% w/w CCl4 as an activator in PU)
with a Cs -137 source (right).

As 1 seemed to give the highest degree of color change while also demonstrating
the acceptable ambient stability, two other formulations were attempted: epoxy with a
CCl4 activator, and in a gel consisting of low molecular weight PVC and dioxane, with
the PVC acting as both the support polymer and the activator. The sample in the epoxy
demonstrated color change only after a 5 Mrad dose, though this could partially be due to
the low concentration of the dye (~1.5 w/w%) and activator (~3 w/w%) in the epoxy. The
PVC/dioxane gel samples demonstrated a color change that was qualitatively similar to
that obtained in the PU/CCl4 system, though in this case no additional activator was
needed.

Figure 5.6: γ-chromic behavior of 1 (25% w/w relative to PVC in a PVC/dioxane
gel) with a Co-60 radiation source over 10 minutes.

5.4 – Conclusions:
Herein we have synthesized four novel leuco-TAM derivatives and our
collaborators at SRNL have evaluated their performance as low-dose radiochromic
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materials. Some promising results have been obtained with 1, which demonstrated
meaningful color changes, while also exhibiting having fairly good ambient stability.
The current formulations still do not demonstrate the necessary sensitivity, but
work as useful proof of concept. Considering the simple synthesis, a large number of
derivitives can be made and their efficiency in standard formulations could be evaluated
to develop exploitable structure function-relationships. There exists a vast amount of
variation that can be instituted by variation of the activator and polymer support, and as
such the precise combination of all three variables will need to be found to create a high
performance material.
5.5 – Experimental:
All solvents were purchased in bulk from VWR. All other chemicals were purchased
from commercial sources and used as received unless otherwise noted. Anhydrous THF
was purchased from Sigma Aldrich. Low molecular weight PVC was purchased from
Sigma-Aldrich (catalog number: 81388). Crystal Clear© series Polyurethane was
purchased from Smooth-On Inc. West-System 3 epoxy was purchased from West
System. NMR spectra were measured on a 400 MHz Varian Unity spectrometer.
Chemical shifts of each spectrum are reported in ppm and referenced to their
corresponding deuterated solvents as listed. GC-MS was measured using a Bruker ScionSQ GC-MS with an EI source.
General Procedure for the Synthesis of the leuco-TAMs:
An aryl aldehyde (1 eq) was dissolved in benzene at ~0.5 M in a round-bottomed flask.
To this N,N-dimethyl aniline (4 eq) and p-TsOH (2 eq) was added, a dean-stark trap was
connected and the reaction mixture was refluxed. After TLC showed the aldehyde was
completely consumed (8:1 hexanes:EtOAc), the reaction mixture was poured into water,
extracted with ether, dried with MgSO4, filtered, and the solvent was evaporated. Excess
N,N-dimethyl aniline was removed via a silica plug, eluting with ~10:1 hexanes:EtoAC.
The leuco-TAM was recovered by eluting with 4:1 hexane:EtOAc. Removal of the
solvent of the pure fractions afforded the title compounds as white solids.
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O
O

O

N

N

1: 3,4,5-tri(methoxy)benzhaldehyde (1.5 g, 0.008 mol, 1 eq), N,N-dimethylaniline (4 mL,
0.032 mol, 4 eq) and pTsOH monohydrate (3 g, 0.016 mol, 2 eq) were dissolved in
benzene (16 mL) and reacted by the standard procedure, giving the title compound as a
white powder (2.6 g, 78%) . 1H NMR (400 MHz; C6H6): δ 7.29-7.27 (m, 4H), 6.67-6.65
(m, 4H), 6.63 (d, J = 0.3 Hz, 2H), 5.57 (s, 1H), 3.87 (s, 3H), 3.35 (s, 6H), 2.54 (s, 12H).
13

C NMR (101 MHz; C6D6) δ 154.1, 149.5, 141.6, 133.6, 130.5, 113.1, 107.8, 60.5, 56.1,

55.8, 40.5.
Cl

Cl

N

N

2: 3,5-dichlorobenzaldehyde (1.3 g, 0.007 mol, 1 eq), N,N-dimethylaniline (3.7 mL,
0.028 mol, 4 eq) and pTsOH monohydrate (2.7 g, 0.14 mol, 2 eq) were dissolved in
benzene (14 mL) and reacted by the standard procedure, giving the title compound as a
white powder (2.3 g, 82%). 1H NMR (400 MHz; Acetone-d6): δ 7.31 (td, J = 1.9, 0.4 Hz,
1H), 7.11 (dd, J = 1.9, 0.7 Hz, 2H), 7.00-6.96 (m, 4H), 6.74-6.70 (m, 4H), 5.42 (s, 1H).
13

C NMR (101 MHz; Acetone-d6) δ

151.3, 150.4, 135.2, 131.8, 130.5, 128.7, 126.5,

113.4, 55.2, 40.6.
F3C

N

CF3

N

3: 3,5-bis(trifluoromethyl)benzhaldehyde (1 g, 0.004 mol, 1 eq), N,N-dimethylaniline (2
mL, 0.016 mol, 4 eq) and pTsOH monohydrate (1.5 g, 0.008 mol, 2 eq) were dissolved in
benzene (8 mL) and reacted by the standard procedure, giving the title compound as a
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white powder (1.5 g, 85%). 1H NMR (400 MHz; Acetone-d6): δ 7.89 (d, J = 0.5 Hz, 1H),
7.78 (dt, J = 1.1, 0.6 Hz, 2H), 7.02-6.98 (m, 4H), 6.75-6.71 (m, 4H), 5.67 (s, 1H), 2.942.88 (m, 12H).

13

C NMR (101 MHz; Acetone-d6) δ

150.5, 131.9, 131.6, 131.5, 130.6,

130.4, 130.4, 126.0, 123.3, 120.6, 120.6, 120.6, 113.4, 55.3, 40.6.

N

N

4: Pyrene-1-carboxaldehyde (1 g, 0.004 mol, 1 eq), ,N-dimethylaniline (2 mL, 0.016 mol,
4 eq) and pTsOH monohydrate (1.5 g, 0.008 mol, 2 eq) were dissolved in benzene (8 mL)
and reacted by the standard procedure, giving the title compound as a gray powder (1.1 g,
62%). 1H NMR (400 MHz; Acetone-d6): δ 8.43 (d, J = 9.4 Hz, 1H), 8.25-8.16 (m, 3H),
8.10-8.00 (m, 4H), 7.64 (d, J = 8.0 Hz, 1H), 7.03-6.99 (m, 4H), 6.71-6.68 (m, 4H), 6.49
(s, 1H), 2.89 (s, 11H). 13C NMR (101 MHz; Acetone-d6) δ 149.3, 139.9, 132.7, 131.5,
130.8, 130.1, 129.8, 128.8, 127.5, 127.5, 127.1, 126.7, 125.9, 125.0, 124.8, 124.7, 124.4,
124.1, 112.5, 51.4, 39.8.
Polyurethane formulation:
Crystal Clear© Series Part A (0.5 g) and B (0.5 g) were added to a vial containing the
TAM (0.1 g), CCl4 (0.2 g) was added and the components were thoroughly mixed and
allowed to cure overnight in the dark.
PVC/Dioxane Formulation:
1 g of low molecular weight PVC was dissolved in 10 mL of dioxane with stirring and
gentle heating in a beaker. Once everything was dissolved, it was cooled to RT by the
addition 1 (0.25 g) dissolved in a minimum of dioxane was then added thereby making a
stock solution that was 25% w/w relative to the mass of PVC. Samples were made by
removing 0.5 mL of this stock solution and placing them in small vials. The solvent was
removed from these samples by evaporation of the solvent until a viscous gel was left
behind (~50% of the volume was removed).
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Epoxy Formulation:
1 (0.015 g) was suspended in the epoxy components A and B (1 g, West System 3)
followed by 0.03 g CCl4, the components were thoroughly mixed and allowed to cure
overnight in the dark.
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Chapter 6: Synthesis of 1, 2 and 1, 2, 6, 7 π-Extended Pyrenes
6.1 - Introduction:
π-extended pyrenes (π-EPys), where a pyrene unit acts as a fused-spacer in larger
molecules, are well established compounds in the literature.[1] This approach has been
almost exclusively developed with the aza-substituted π-EPys[2] (Figure 6.1A);
impressively, these types of structures have been expanded to 30 linearly fused rings.[3]
Most published accounts of the all carbon analogues fall into the “twistacene” category,
where the overall structure is twisted due to steric interactions between phenyl groups
and the pyrene (Figure 6.1B).[4] In both cases this π-extension is exclusively about the 4,
5, 9, and 10 positions of pyrene (numbering scheme for pyrene can be seen in Figure
6.1E).

Figure 6.1: Literature examples of π-EPys A) 4,5,9,10-aza-πEPy (ref. 2); B) 4,5,9,10 “twistacene”
πEPy (ref. 4); C) 1,10,5,6-πEPy (ref. 6); D) 1,2,6,7-πEPy (ref. 5). Pyrene highlighted in blue for clarity.
E) Numbering scheme for pyrene.

Other π-EPy regioisomers are less well studied. Briseño’s bistetracene[5] (Figure
6.1D), is an example of a 1,2,6,7 π-EPy and Würthner synthesized a 1,10,5,6-di(imide)
(Figure 6.1C) π-EPy.[6] A paper by Risko and co-authors found π-extension about the
4,5,9, and 10 positions afforded localized orbitals, but π-extension about the 1,2,6,7
positions afforded delocalized orbitals, which was true even when the structure was
extended to the infinite ribbon.[7] The consequence of this orbital localization in the
infinite ribbon is “flat” bands for the 4,5,9,10-substituted pyrene ribbons, and therefore,
the effective mass of a charge carrier in these systems is infinite. This result is also well
reflected in the calculated HOMO and LUMO of the 30 ring aza-π-EPy which exhibits
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localized orbitals[3]; whereas Briseño’s bistetracene exhibits full delocalization about the
entire chromophore.[5] Furthermore, despite their extensive study, 4,5-aza-πEPy’s have
only ever demonstrated modest performance in devices[8,

9]

; whereas Briseño’s

bistetracene exhibited exceptional performance in a single crystal based OFET.[5]

Figure 6.2: A) Briseno’s synthesis to his bistetracene precursor. B)
Pei’s synthesis to a pyrene-1,2,6,7-bisimide.

These interesting results motivated our synthetic efforts into this molecular
system; however, obtaining the necessary 1,2 substitution on pyrene is challenging.
Briseño and coworkers formed their bistetracene by cyclization of a naphthalene
derivative to give their 1,2,6,7-substituted pyrene structure (Figure 6.2A),[5] an approach
that is neither scalable nor versatile. It was our goal to synthesize a pyrene-based
precursor that could be used to extend the chromophore further, and integrate these
pyrenes as spacers in longer molecules, ideally up to graphene nanoribbon type
structures; though, simply developing a facile synthesis of a Briseño-type bispentacene
would be a worthwhile target. A paper by Pei and coworkers[10] demonstrated a one pot
synthesis of the pyrene-1,2,6,7-diimide from the pyrene-1,6-di(acid chloride) (Figure
6.2B), giving us a reliable method on which to generate this challenging substitution
pattern and allowing us to devise a synthesis to the desired π-extended isomers.
6.2 – Synthesis of 1,2 Substituted Pyrenes:
In order to simplify the synthesis, we started by optimizing the synthesis of the
pyrene-1,2-imide, 1. The reference used a large excess of the isocyanate (10 eq/1 eq of
acid chloride), very high temperatures (180°C in o-dichlorobenzene), and high dilution
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(0.08 M).[10] While these conditions afforded good yields, scaling up the reaction was
very challenging. By running the reaction more concentrated (0.25 M) in chlorobenzene
at 130°C with only 5 eq of n-butylisocyanate, we were able to make 1 in multi-gram
scales, without the need for chromatography, Figure 6.3.
10 eq n-butyl isocyante
3 eq AlCl3
0.08 M in o-DCB
180°C, 84%

O
Cl

5 eq n-butyl isocyante
3 eq AlCl3

O

N
O

0.25 M in o-DCB
180°C, 87%
5 eq n-butyl isocyante
3 eq AlCl3

1

0.25 M in Cl-Benzene
130°C, 82%

Figure 6.3: Optimization of the synthesis of the pyrene1,2-imide, 1.

Figure 6.4: Synthesis of the 1,2-bromomenthylpyrene precursor, 5.

The imide was then hydrolyzed to form the pyrene-1,2-dicarboxylic acid, 2, using
KOH in refluxing ethylene glycol. These harsh conditions were necessary to obtain the
fully hydrolyzed product; otherwise, only partial hydrolysis products were observed.
Refluxing 2 in acetic anhydride formed 3 in high yields after a simple filtration. DIBALH was used to reduce the anhydride to the pyrene-1,2-dimethanol, 4. The reduction to 4
could also be achieved with LAH, though the work up was much more challenging.
Finally, reaction of 4 with PBr3 in toluene afforded the 1,2-dibromomethylpyrene, 5,
which could be prepared in multigram quantities. The synthesis is shown in Figure 6.4.
The Cava reaction between 5 and 1,4-naphthoquinone went smoothly to afford the
quinone, 6, in reasonable yields. Analysis of the isolated solid by MALDI/TOF indicated
it was impure, though its insolubility forced us to carry on to the next step without further
purification. Addition of a lithiated silyl alkyne and deoxygenation with tin chloride
afforded a dark purple solid, the structure of which was unambiguously assigned as the
desired 1,2-π-EPy product, 7 via single crystal XRD (Figure 6.5A). Analysis of the
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crystal structure reveals the molecule is planar (Figure 6.5B) and the crystal packing
consists of π-stacked columns that intercalate with adjacent columns in an edge to face
manner, similar to that observed in the orthorhombic polymorph of rubrene.[11]

Figure 6.5: A) Synthesis of 1,2-π-EPy, 7. B,C) Crystal structure of 7. D) Crystal packing of 7.

The Cava reaction between three equivalents of 5 and benzoquinone afforded the
quinone 8, likely as a mixture of isomers. A large amount of insoluble solid was
generated from the reaction, and analysis by MALDI/TOF revealed the expected mass of
8; though, after stirring the solid with an excess of metallated alkyne, it seemed very little
of the solid was the desired quinone. It is possible that the o-quinodimethane generated
during the Cava reaction self-polymerized[12], leading to relatively high molecular weight,
insoluble impurities which were not observed in the MALDI mass spectrum.
The ethynyl Grignard was formed by refluxing the alkyne with iPrMgCl and was
used for the addition to 8, as it seemed to qualitatively to give a cleaner reaction than that
between 8 and the ethynyl lithium. The expected addition product, 9-OH, was isolated
and deoxygenated with tin chloride and aqueous HCl, affording trace amounts of a green
solid. Recrystallization afforded small green crystals that were not suitable for single
crystal XRD. While no other characterization was undertaken due to the small amount of
material, the absorption spectrum of the compound is consistent with what we expected.
Efforts towards the synthesis of larger amounts of these materials are ongoing.
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A

B

Figure 6.6: A) Synthesis of quinone 8 and the structure of the two isomers. B) Synthesis of 1,2,1’,2’π-EPy, 9.

6.3 – Photophysical Characterization:
The UV/Vis spectrum of 7 could be compared to that of the analogous 4,5-πEPy
which was synthesized by Dr. Thilanga Liyanage and the substantial red shift in
absorption strongly suggests increased electron delocalization. A further red-shift is
observed in 9, as the electrons are delocalized over an even larger chromophore.

Figure 6.7: Longest wave absorptions of 7 (purple), 9 (green), and the 4,5 π-EPy regioisomer (orange)
(synthesized by Dr. Thilanga Liyanage).

6.4 – A Route to a 1,2,6,7 π-extended pyrene (1,2,6,7-πEPy):
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A

B

Figure 6.8: A) Synthesis of pyrene-1,2,6,7-tetraester, 12. B) Crystal structure of 12.

By starting from the diimide 10, the same synthetic route was applied to attempt
to make the 1,2,6,7-πEPy. 10 was synthesized via the literature procedure[10] then
hydrolyzed with KOH as described for 1. The resulting yellow solid was esterified so it
could be more easily characterized. GC/MS revealed a mixture of the tetraester, 12, along
with a mass that corresponded to a triester. The tricarbonyl compound that was present
after the hydrolysis is likely an impurity carried over due to incomplete reaction during
the synthesis of 10 rather than any sort of decarboxylation during hydrolysis. 12 was fully
characterized and its crystal structure obtained (Figure 6.8B) definitively demonstrating
the success of the hydrolysis of 10 to tetracarboxcylic acid, 11. The plan is to use 11 to
make the 1,2,6,7 substituted pyrene tetrone in the same way 6 was synthesized, which
would be the key precursor to a Briseño like bispentacene (Figure 6.9). However, scaling
up the synthesis of 10 to has proven challenging, though it is essential to furthering this
synthesis.
O
O
HO
HO

OH
OH
O

1) Ac2O
2) DiBAL-H
3) PBr3

O
Br

Br

Br

Br

O

1,4-naphthoquinone
KI

O

DMAC, 140°C

O
O

Figure 6.9: Planned synthesis to a 1,2,6,7 substituted pyrene tetrone, via an analgous route to that
which was used in the synthesis of 6.

6.5 – Conclusions:
A 1,2-π-EPy was successfully synthesized starting from the pyrene-1,2-imide. By
comparing the absorption of 7 to a 4,5-πEPy derivative, the red shift observed implies
that the electrons are delocalized differently as a function of the regioisomer, generally
confirming the computational result obtained by Risko.[7] An initial attempt at the
synthesis of 9 was likely successful; however, further characterization needs to be done to
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confirm the structure. The Cava reaction with benzoquinone was problematic and poor
yielding and optimization of this reaction is necessary if any significant quantity of 9, or
its derivatives, is to be obtained.
The same synthetic route was applied towards the 1,2,6,7-π-EPy by starting from
the known diimide and hydrolyzing. The hydrolysis product of 10, was confirmed via a
crystal structure. Scale-up and optimization of the synthesis of 11 is currently in progress,
which if successful should provide a key intermediate to investigate longer 1,2,6,7-pyrene
spaced chromophores. These results legitimize the devised synthetic route starting from
the imide and should provide a useful method to obtain a range of materials with this
interesting and underexplored substitution pattern.
6.6 – Experimental:
All solvents were purchased in bulk from VWR. Anhydrous THF was purchased from
Sigma Aldrich. All other chemicals were purchased from commercial sources and used as
received unless otherwise noted. Pyrene diimide, pyrene-1-carboxcylic acid was
synthesized according to a literature procedure.[10] The 4,5-πEPy derivative was
synthesized and provided by Dr. Thilanga Liyanage. NMR spectra were measured on a
400 MHz Varian Unity spectrometer. Chemical shifts of each spectrum are reported in
ppm and referenced to their corresponding deuterated solvents as listed. GC-MS was
measured using a Bruker Scion-SQ GC-MS with an EI source.

O

N
O

1: Pyrene-1-carboxylic acid (7 g, 0.028 mol, 1 eq) was suspended in DCM (100 mL) and
cooled to 0°C. Oxalyl chloride was added followed by ~0.2 mL of DMF and the solution
was stirred overnight. The solvent was removed via evaporation, then chlorobenzene
(110 mL) was added, followed by AlCl3 (11.2 g, 0.084 mol, 3 eq), then n-butylisocyanate
(15.7 mL, 0.14 mol, 5 eq), and then the solution was heated to reflux for 3 hours. After
cooling to RT, the reaction mixture was poured into ice water then extracted repeatedly
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with DCM. The combined DCM layers were dried with MgSO4, filtered and rotovaped
leaving behind the crude product dissolved in chlorobenzene. This was poured into a
large excess (~500 mL) of rapidly stirring hexanes, precipitating out a yellow solid. The
solid was collected by filtration, washed repeatedly with hexanes, and then dried under
vacuum. This material was used in the next step without further purification (7.5 g, 82%).
An analytical sample was obtained by running a silica plug eluting with DCM. After
removal of the solvent, the bright yellow solid was triturated with hexanes, and filtered
yielding a highly crystalline bright yellow solid. 1H NMR (400 MHz; CDCl3): 8.97 (d, J
= 9.1 Hz, 1H), 8.34 (s, 1H), 8.25 (t, J = 7.5 Hz, 2H), 8.18 (d, J = 5.9 Hz, 1H), 8.16 (d, J =
5.7 Hz, 1H), 8.10-8.06 (m, 2H), 3.80 (t, J = 7.3 Hz, 2H), 1.81-1.74 (m, 2H), 1.46 (dq, J =
15.1, 7.5 Hz, 2H), 1.00 (t, J = 7.4 Hz, 3H). 13CNMR (101 MHz; CDCl3) δ 169.6, 168.9,
134.9, 131.3, 131.2, 130.8, 130.2, 129.4, 127.9, 127.9, 127.4, 127.2, 127.2, 127.0, 123.9,
122.8, 121.2, 118.5, 37.8, 30.9, 20.2, 13.7.
HO

O

O
OH

2: KOH pellets were pulverized to a fine powder using a mortar and pestle. The KOH
powder (12 g, 0.214 mol, 13.4 eq) was added to 100 mL stirring ethylene glycol. After
the KOH fully dissolved, 1 (5.2 g, 0.016 mol, 1 eq) was added forming a yellow
suspension. The reaction mixture was heated to reflux and monitored by TLC using THF
as the eluent. When no spots ran in 100% THF (only a bright blue fluorescent spot
remained at the baseline) the solution was cooled to RT diluted with water, and poured
into 300 mL of rapidly stirring 37% aqueous HCl. This was stirred for ~20 minutes then
the solid was filtered, washed with water and allowed to dry under vacuum. The solid
was dissolved in a minimum amount of THF, diluted with ether, dried with MgSO4
filtered, and the solvent was removed. The solid was triturated with DCM and filtered
giving a microcrystalline yellow solid (4.2 , 90%). 1H NMR (400 MHz; DMSO-d6): δ
8.83 (s, 1H), 8.41-8.38 (m, 2H), 8.36-8.29 (m, 3H), 8.20-8.16 (m, 2H). 13CNMR (101
MHz; DMSO-d6) δ 169.9, 167.6, 131.3, 131.0, 130.6, 130.5, 129.3, 128.9, 127.7, 127.5,
126.8, 126.4, 126.1, 126.0, 125.6, 125.2, 124.2, 123.2.
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O

O
O

3: 2 (4.2 g, 0.014 mol) was suspended in 125 mL acetic anhydride and heated to reflux
for 2 hours. This was diluted with toluene, filtered, and dried under vacuum, to give the
anhydride as a yellow solid (3.6 g, 92%), which was used without further purification.
HO
OH

4: 3 (3.6 g, 0.013 mol 1 eq) was suspended in ~80 mL anhydrous toluene and cooled to
0°C. DIBAL-H (1.0 M in hexanes, 66.17 mL, 0.066 mol, 5.5 eq) was added dropwise via
an addition funnel. The reaction mixture was then heated to 70° C for 3 hours, cooled to
RT and slowly quenched with water. The solid was filtered off and washed with water.
The solid was suspended in THF, heated to reflux, then filtered, with the title compound
being in the filtrate. This process was repeated 3x. The filtrates were combined, dried
with MgSO4, filtered, and the solvent was removed. The white solid was triturated in
DCM to give the title compound as a white solid (2.99 g, 88%). 1H NMR (400 MHz;
Acetone-d6): δ 8.59 (d, J = 9.4 Hz, 1H), 8.35 (s, 1H), 8.25 (dt, J = 7.7, 1.3 Hz, 2H), 8.20
(d, J = 9.4 Hz, 1H), 8.16-8.13 (m, 2H), 8.04 (t, J = 7.6 Hz, 1H), 5.41 (d, J = 5.8 Hz, 2H),
5.24 (dd, J = 5.6, 0.5 Hz, 2H), 4.61 (t, J = 5.6 Hz, 1H), 4.29 (t, J = 5.8 Hz, 1H). 13CNMR
(101 MHz; Acetone-d6) δ 139.0, 133.4, 131.3, 130.8, 130.7, 130.0, 127.5, 127.4, 127.4,
125.9, 125.1, 125.1, 124.9, 124.6, 124.2, 124.0, 63.2, 57.0.
Br
Br

5: 4 (2 g, 0.0076 mol, 1 eq) is suspended in toluene (35 mL) and cooled to 0°C under N2.
PBr3 (1.0 M in DCM, 22.8 mL, 0.0228 mol, 3 eq) was added dropwise then the solution
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was heated to 50°C, and the reaction progress was monitored by TLC (DCM). Upon
completion, the reaction mixture was cooled to room temperature and quenched with
water and extracted with DCM, dried with MgSO4, and poured through a thin pad of
silica, eluting with DCM. The solvent was removed leaving behind an off white solid,
which was triturated with hexanes and filtered (2.35 g, 80%) 1H NMR (400 MHz;
CDCl3): δ 8.36 (d, J = 9.4 Hz, 1H), 8.25 (s, 1H), 8.23-8.20 (m, 2H), 8.15 (s, 1H), 8.09 (d,
J = 8.9 Hz, 1H), 8.03 (t, J = 7.7 Hz, 1H), 7.99 (d, J = 9.0 Hz, 1H), 5.43 (s, 2H), 5.07 (s,
2H). 13CNMR (101 MHz; CDCl3): 134.3, 132.0, 131.5, 130.8, 130.4, 129.4, 129.2, 129.2,
128.8, 128.4, 127.2, 126.8, 126.2, 126.0, 125.3, 124.5, 122.8, 31.4, 26.7.
General Procedure for the Cava Reaction:
5 , KI, and quinone were added to a sealed tube with DMAc and heated to 140°C for two
days. The reaction mixture was cooled to RT, poured into water and the solid filtered off.
The solid was washed with water, methanol, ether, acetone and DCM, then triturated with
THF and filtered.
O

O

5 (1 g, 0.0025 mol, 1 eq), KI (2.1 g, 0.0128 mol, 5 eq), and naphthoquinone (0.6 g,
0.0037 mol, 1.5 eq) in 5 mL DMAc were reacted by the standard procedure. After work
up a burnt orange solid was obtained (0.6 g). MALDI/TOF revealed the expected
molecular ion (m/z 382), along with other impurities. The compound was used in the next
step without further purification.

O

O
+

O

O

5 (1.5 g, 0.0039 mol, 3 eq), KI (3.2 g, 0.0195 mol, 15 eq), and benzoquinone (0.14 g,
0.0013 mol, 1 eq) in 4 mL DMAc were reacted by the standard procedure. After work up
a dark red/orange solid was obtained and used without further purification. MS (MALDI)
m/z 556
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Si

Si

7: To a flame dried round bottomed flask, the butyl-di(isopropyl)silylacetylene (0.62 g,
0.0031 mol, 8 eq) was dissolved in THF (5 mL) and LiHMDS (1.0 M in THF, 3.1 mL,
0.0031 mol, 8 eq) was added dropwise and stirred for 20 minutes followed by addition of
6 (0.150 g, 0.0004 mol, 1 eq) . The next day the reaction mixture was quenched with
water, extracted with ether, dried with MgSO4, filtered and the solvent removed. A TLC
was run and treated with a SnCl2/HCl(aq) stain, and the spot that changed to purple was
identified, then subsequently isolated via column chromatography (10:1 hexanes:EtOAC
to 4:1 hexanes:ethyl acetate). This compound was then dissolved in a minimum amount
of acetone followed by addition of methanol so the ratio of solvents was ~1:5. SnCl2
(0.45 g, 0.002 mol, 5 eq) dissolved in ~1 mL of 10% aqueous HCl was added causing a
color change and precipitation of a dark red solid. The solid was filtered off and purified
via column chromatography (0.13 g, 45%). This was then recrystallized from a mixture
of hexanes and toluene to giving very dark red lathes. 1H NMR (400 MHz; C6D6): δ
10.61 (s, 1H), 9.81 (s, 1H), 9.41-9.38 (m, 1H), 9.08-9.03 (m, 2H), 8.40 (s, 1H), 8.24 (d, J
= 8.9 Hz, 1H), 7.92-7.90 (m, 1H), 7.52 (dd, J = 10.0, 6.6 Hz, 3H), 7.40-7.38 (m, 3H),
1.92-1.83 (m, 4H), 1.62-1.55 (m, 4H), 1.51 (t, J = 5.0 Hz, 6H), 1.46 (dd, J = 12.3, 6.8 Hz,
13H), 1.41-1.31 (m, 10H), 1.12-1.01 (m, 10H). 13CNMR (101 MHz; C6D6) δ

Si

Si
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8: To a flame dried round bottomed flask, the butyl-di(isopropyl)silylacetylene (0.15 g,
0.0008 mol, 8 eq) was dissolved in THF (6 ml) and iPrMgCl (2.0 M in THF, 0.35 ml,
0.0007 mol, 0.9 eq) was added and the reaction mixture was refluxed for 1 hour. The
reaction was cooled to RT, followed by addition of 8 (0.054 g, 9.71 x 10-5 mol, 1 eq). The
reaction mixture was refluxed overnight. The next day the reaction mixture was cooled to
RT quenched with water, extracted with ether, dried with MgSO4, filtered and the solvent
removed. A TLC was run (4:1 hexanes:ethyl acetate) and treated with a SnCl2/HCl(aq)
stain, and the spot that changed to green was identified, then subsequently isolated via
column chromatography (hexanes to 3:1 hexanes:ethyl acetate). This compound was then
dissolved in a minimum amount of acetone followed by addition of methanol so the ratio
of solvents was ~1:1. SnCl2 (0.11 g, 0.0005 mol, 5 eq) dissolved in ~1 mL aqueous 10%
HCl was added causing a color change and precipitation of a green solid. The reaction
was extracted with DCM, dried with MgSO4, filtered and the solvent removed, the
resulting brown/green solid, was purified via column chromatography (hexanes:DCM
10:1 to 1:1). After removal of solvent from the pure fractions, a small amount (<5 mg) of
green solid was obtained and was recrystallized from toluene, giving small green crystals,
which were unsuitable for single crystal XRD. Due to the small amount of material, no
further characterization was carried out, though the absorption spectrum matched what
was expected for the chromophore.
O
O
HO
HO

OH
OH
O

O

11: KOH pellets were pulverized to a fine powder using a mortar and pestle. The KOH
powder (1.27 g, 0.023 mol, 13.4 eq) was added to 20 mL stirring ethylene glycol. The
KOH was allowed to dissolve. To this 10 (0.75 g, 0.0017 mol, 1 eq) was added forming a
yellow suspension. The reaction mixture was heated to reflux and monitored by TLC
using THF as the eluent. When no spots ran in 41: THF:AcOH (only a bright blue
fluorescent spot remained at the baseline) the reaction was cooled to RT diluted with
water, and poured into 50 mL of concentrated HCl. This was stirred for ~20 minutes then
the solid was filtered, washed with water and allowed to dry under vacuum. The solid
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was dissolved in a minimum amount of THF, diluted with ether dried with MgSO4
filtered, and the solvent was removed. The solid was triturated with DCM and filtered
giving a microcrystalline yellow solid (0.46 g, 72%). A sample of the product was taken
and esterified so it could be analyzed by GC/MS.
O
O
O
O

O
O
O

O

12: In a pressure vessel, a 150 mg sample of 11 was suspended in ~15 mL ethanol and a
few drops of concentrated sulfuric acid were added. The vessel was sealed and the
reaction was heated to 100°C in a microwave reactor (100 W) for ~30 hours. Completion
of the reaction was confirmed by TLC (8:1 hexanes:ethyl acetate). GC/MS revealed the
reaction was a mixture of the 12 (m/z 490) and triester (m/z 418). After isolation of 12 it
was recrystallized from a mixture of hexanes and ethyl acetate. The structure was
confirmed by X-ray crystallography.
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Chapter 7: Summary
As I stated in the introduction, the scope of this dissertation is broad, as molecules
have been designed and synthesized for a variety of applications, ranging from molecules
for a simple colorometric sensor to ligands that could enable the development of
theoretical singlet fission based hybrid organic/inorganic photovoltaic. Though
throughout this document, a few common themes emerge: the development of scalable
syntheses, crystal engineering, and the development and exploitation of structure function
relationships.
Chapter 2 demonstrated that a high performance OFET material can be
constructed in a bottom-up fashion by using qualitative structure function relationships
gleaned from the literature with assistance from the computational chemists. While
tedious, developing a scalable synthesis that can be easily derivatized was essential to the
success of the project. This allowed for the crystal engineering of the chromophore by
rigorous screening of alkyl groups and fluorinated regioisomers. Once this material was
synthesized, crystallized, and its electronic properties evaluated, we were fairly confident
that this material should preform well in an OFET with enough device optimization. The
ability of the synthesis to be scaled to a point where meaningful quantities could be made
was also essential, as this gave our collaborators enough material with which to
experiment and optimize conditions. To be sure, it is likely that further device
engineering may indeed provide even higher performing devices. It is important to note
that the full development was only possible due to close and open collaboration between
multiple groups with different areas of expertise.
The bottom-up design of a new high performance molecule in Chapter 2 runs
counter to the strategy we used in Chapter 5 to develop a radiochromic sensor. As
radiochromism has been observed in organic materials for decades, taking a base
structure that has well-established radiochromic behavior, in this case the leuco form of
triarylmethane dyes, then synthesizing derivatives in an attempt to increase ambient
stability and sensitivity. Unfortunately, we were unable to develop a material or
formulation that met our criteria for sensitivity and stability, but we did develop a data set
that can hopefully be used as a baseline to rationally design new derivatives and
formulations.
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Some initial forays into the hybrid organic and inorganic materials were discussed
in Chapter 3. In concert with our collaborators at Cambridge, we were able to develop a
hybrid material that demonstrated photon multiplication when used in conjunction with a
quantum dot, and our diammonium anthracene derivative seemed to form a 2D
perovskite with PbI2. This is a supremely exciting area of research with many possible
avenues for growth. Though much like the development of traditionally organic
materials, robust scalable synthetic methods are necessary to create structure function
relationships that will enable the next generations of materials.
Chapter 4 described a very high risk/high reward project, as single crystal-tosingle crystal based topochemical polymerizations have only been rarely demonstrated in
the literature outside of poly(diacetylenes), and the wire-based charge hopping
mechanism proposed was completely theoretical. Crystal engineering of the heptacene
[4+4] photodimer produced a material that would topochemically photopolymerize,
though, obtaining single-crystals of the photopolymerized product proved elusive, as this
polymerization seemed to cause significant cracking in the crystal.
In Chapter 6, the synthesis and differing photophysical properties of
regioisomeric π-extended pyrenes is investigated. Like previous chapters, development of
scalable syntheses allowed for the preliminary investigation of novel π-extended pyrenes,
which confirmed results in the literature about electron-delocalization as a function of
regioisomeric π-extension. While only relatively small π-EPys have been synthesized so
far, it is hoped that the developed synthetic scheme can be extended to longer molecules,
like a bispentacene, with the ultimate goal of synthesizing graphene nanoribbon-like
structures.
The ability to rationally design new molecules for a specific application has
always been at the core of the promise of organic materials; herein, we demonstrate that
both bottom-up and top-down design of molecules can be successful. In both strategies,
however, significant effort must be applied to the synthesis of derivatives to enhance the
performance of a base material. The synthesis of derivitives can be guided by using cues
from the literature or computation, but certainty in these predictions is impossible.
Though, as this dissertation demonstrates, repeated iterations of design, synthesis, and
evaluation can yield high-performing materials.
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